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ABSTRACT 


A detailed study of the parameters involved in co. 
Laser photoionization has been undertaken. Various over- 
voltaged condensed spark discharge geometries were investiga- 
ted. An inexpensive automotive type spark plug was found to 
provide a practical source element. A fast high peak current 
discharge was found to be the most efficient means of deliv- 
ering a given amount of energy. 

Average density measurements on photoplasma genera- 
ted by a single spark source operating at 1Hz have been 
performed using an X-band microwave interferometer construc- 
ted for this project. This test facility provided adequate 
temporal resolution to follow the decay of the photoplasma. 
Spatial resolution was limited but average photoplasma 
density as a function of distance from the spark source has 
been obtained. The interferometer was sensitive to a 
plasma density of approximately 10/cm7? and the plasma cut- 
off frequency was reached at a plasma density of yewan 
Measurements have been obtained in various gases and mix- 


tures of gases applicable to a CO, laser device, over a wide 


2 
pressure range. The effects of numerous seedant vapors 

have also been observed. A bare spark was employed primari- 
ly because window materials were vulnerable to the disrup- 


tive environment which resulted from the high voltage, 


condensed spark discharge. 
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A vacuum ultra-violet monochromator provided the 
necessary wavelength resolution to allow identification of 
those portions of the spectrum most useful for uniform 
volume photoionization inva co. environment. Photo- 
graphic recordings of the emission spectra of the spark 
sources employed have revealed that they are closely spaced 
line spectra largely independent of the gas dominating the 
environment. Identification of the useful part of the 
spectrum indicated that a LiF window could be used to iso- 
late the spark source. This window was placed at the exit 
slit of the monochromator and it was sufficiently removed 
from the spark so as to avoid being damaged. 

To obtain the photoionization spectrum of a given gas 
Or vapor or some mixture of these, the monochromator was 
equipped with electronic recording apparatus. This appara- 
tus effectively counted the total number of photons passing 
through a test cell and the total number of photogenerated 
electrons in the test cell for a single spark discharge. 
The photon counter was sensitive to approximately 2 x 10° 
PNOLONS, ands clic = charge collector tO veboutaG.6.x% Mor elemen- 
tary charges. As the source was scanned by the monochroma- 
tor, bar graph displays were generated with the use of twin 
x-y recorders. This display was characteristic of the 
photoabsorption and photoionization spectra of the gas or 


vapor in the test cell. The uncalibrated test facility has 


provided an abundance of relative data and its calibration 
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has resulted in obtaining absolute values for the photo- 
absorption and photoionization cross-sections of tri-n- 
propyl amine. 

Analyses of the data provided by these two test 
facilities have resulted in establishing criteria on which 
to base the design of the photoionization structure of 
co. lasers. Less efficient two-step photoionization has 
been observed and this may be successfully exploited by 
high pressure CO. lasers. 

Some substances in addition to those tested here 


have been suggested as being feasible to employ and which 


May warrant investigation. 
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Chapter 1 


Introduction 


Pulsed and continuous-wave CO. laser operation 
was first announced by Patel in 1964 [26,27,28]. However, 
the laser achieved only low power output and, except for 
its characteristic wavelength at 10.6 microns, it was not 
appreciably different from the many laser systems that 
had been operated to that date. Shortly thereafter the 


addition of N, and He to the CO. was shown to significantly 


2 Z 
increase the output power and efficiency of the laser 
[297307 31,32 2) Since, that time: the CO. laser has remained 
of great interest [36] and in only a decade the output has 
been increased from millijoules per pulse and watts peak 
power to hundreds of joules per pulse and gigawatts peak 
power with efficiency as high as 25% [1]. These improve- 
ments came about largely due to operating at ever increasing 
pressures [1] and volumes and also by developing techniques 
to increase the pumping energy to a device. This has been 
discussed in more detail in Section 1-2. 

The active medium of the conventional CO. laser 
is an electrically excited mixture of CO, Ny and He. A 
typical volume ratio is CO, : No : He = 1: 1 : 3, however, 
devices can be operated at ratios far from this. 

The relevant energy levels involved in a carbon 
dioxide gain media are shown in Figure 1-l. lUaser action 


occurs on a vibrational-rotational transition of the ground 
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FIGURE 1-1  Enercy Lever DIAGRAM Vibrational energy 
level diagram of CO. and N (samplafied) allustrating 
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electronic state of oye The v = 1 level of Ny is in 

close energy coincidence with the upper laser level, 

COT n Oe) emeres CO. and rapid collisional energy exchange 
between the two takes place. The Ny level, which is 
readily excited by electron collisions, is metastable 

and this provides a reservoir of stored energy for selec- 
tive and efficient excitation of the (0, 0°, 1) level of 
CO,- in-additicon, direct excitation of CO. by electron 
bombardment takes place. Some relaxation of the upper 
laser level to the ground state occurs through non- 
radiative collisions with neighboring molecules. However, 
the time constant for this to occur is larger than the 

time constant for stimulated radiative decay to the lower 
laser level (1, 0°, 0). The lower laser level decays to 
the ground state by way. of (0, 2°, 0) and the rate of 
depopulation of this level can be the rate-limiting process 
in the laser. Because of the proximity of the (0, 2°, 0) 
level to the ground state, the gas temperature must be 

kept low, (room temperature or a little higher) to prevent 
this level from becoming thermally populated. He, because 
GreLces high sehermal scOnaductivity, nelpsy to, cood the gas and 
also increases the relaxation rate of the lower laser 


level by rapid. collision with CO, molecules in the (0, 2°, 


2 
0) state [33]. In addition He has a low dielectric con- 
stant and tends to stabilize the electric excitation pulse 


across the laser gas. 
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NS Problems Encountered in CO, Laser Design 


A number of difficulties are encountered in 
the operation of a high power CO, laser. Some of these 
are associated with the optics. High power pulses have 
a tendency to damage lenses and windows as well as the 
reflective coatings on mirrors. Good quality, large 
aperture lenses and windows are not readily available in 
the intrared portion of the spectrum. Operation of 
devices at near optical breakdown of the laser gas has 
indicated the need for large aperture devices [13]. 

High power continuous-wave operation and rapid pulsed 
operation results in heating the daser gas and thermal ly 
populating the (0, 2°, 0) level and even the lower laser 
level, (1, 0°, 0). Unless complex heat exchangers are 
built into the system the laser operation is severly 
retarded. Prolonged operation of the laser can result in 
an impurity build-up due to dissociation of molecules 
during the excitation discharge. Actually,one of the 
attractive features of the co, laser is that it can 
operate well with various impurities in the laser gas, and 
in fact, operates more efficiently under these con- 
ditions. Nevertheless, the laser will not tolerate ex- 
cesSive impurity concentrations since the upper laser 
level can be rapidly reduced by collisions with many 
types of impurities. However, these problems have not 


been the limiting factorin high power co, laser develop- 
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ment and consequently are of minor concern here. 

Uniform electric excitation of the laser gas has 
always been the Dini tine factor. Laser output can be in- 
creased by increasing the operating pressure, excitation 
energy, or active volume of the device. However, all of 
these are inconsistent with establishing a uniform and 
high currene density glow discharge necessary for eftective 
pumping of the laser gas. Inevitably, as one or more of 
these parameters are increased, the discharge will occur 
iim the form Of an antense and constricted arc... This is 
highly detrimental since the arc short-circuits the supply 
and reduces the energy available for excitation. The arc 
reflects and refracts the laser beam and gives rise to 
various dissociation impurities that may affect the opera- 
tion of the laser. In addition the electrodes are often 


pitted by the intense heat (34]. 
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2 Review of Excitation Concepts and Techniques 


Patel increased the cw output power of the CO, 
laser by five orders of magnitude to 100 watts by adding 
N, and He to the CO, and also by flowing the gas through 
ERESSELUCtULe to promote, Cooling [29,007.51 52,52 hh. » lL nese 
devices operated at pressures less than 50 torr and were 
excited by a longitudinal glow discharge. Excessive 
pressure would result in a glow-to-arc transition. 

Hill was the first to operate a pulsed CO, laser 
successfully [2]. The excitation was longitudinal to the 
laser axis and required an electric field to pressure 
ratio (E/P) of above breakdown for effective pumping. He 
obtained 5 J - 200 kW CO, 


feet long by three inches in diameter. This was an in- 


laser pulses from a device eight 


crease in peak power of about three orders of magnitude 
over che previous cw lasers. The operating pressure was 
60 torr. However, the necessary excitation voltage was in 
the range 200 kV to 1 MV depending on the diameter of 
the device. Consequently direct scaling of these lasers 
te, large volumes and High pressures would require an) im- 
practically high voltage to maintain an above breakdown 
yer. 

Beaulieu, uSing a row of closely spaced resis- 
€6rs for a cathode and a tlat or cylindrical anode, was 


able to transversely excite an atmospheric pressure mix- 
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ture of CO N., and He [3]. The acronym TEA was used 


Bee 

to describe this type of laser. He was able to obtain 
pulses of 150 mJ at peak powers of 0.5 MW from a device 
employing 150 cathode resistors (1000 ohms each). The 
device was 1.25 m long and the cathode anode spacing was 
2.5 cm. It was repeatedly excited by a discharge from 

a O07 029U5 Capacitor charged, to 25 kV... The gas mixture 
was in the ratio CO. : N, ce eee eae LO has 

was a Significant step in the development of high power 
lasers, Since the average power available per unit volume 
is proportional to the square of the operating pressure 
[4]. The square law power dependence on pressure results 
Since an increased pressure means more molecules are 
available to contribute to the laser field build up; and 
the collisionally excited upper laser level is more 
rapidly populated at high pressures. Also the lower 
state of the laser transition must decay to ground via 
collisions before the gas can be re-excited. This implies 
a maximum repetition rate at which the laser can be 
operated. Another advantage is that narrower pulse 
widths can be obtained as a result of the collision 
broadening of the laser transition at high pressures 
[4,5]. Finally, transverse excitation results in a de- 
creased electrode spacing and large electric fields can 
be obtained with relatively low voltage. 


In order to obtain a more uniform excited den- 
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sity distribution, Beaulieu attempted to initiate a dis- 
tributed discharge between two long parallel electrodes. 
An increase in the gas pressure above 20 torr forced the 
discharges dnto,an arc. [1]. 

A distributed discharge can be obtained with 
extended electrodes even at atmospheric pressure provided 
that the discharge time is shorter than the arc for- 
mation time [6,7,34,93]. To delay the arc formation for 
some time the electrodes must be uniformly spaced and 
well polished to eliminate burrs [7]. A fast discharge 
time also applies to driving a number of pin electrodes 
in parallel from a single capacitive source. However, at 
the volumes, electrode areas, and input energies of in- 
terest tne discharge time becomes |600 long with conven 
tional curcuitry and arcs have time to form. In addition 
a fast discharge time does not correspond to the most 
efficient pumping rate of co, lasers [8]. Consequently, 
a fast discharge rate is not a good method of arc sup- 
pression even if it could be obtained at high energies. 

An alternate solution to the problem is to 
prevent the current density from reaching a large enough 
Value LO InltLate an, arc. 

One such device employing this technique is 
the so called "double discharge device" or De Go) Talis 


This system makes use of a mesh or grid cathode with a 


third electrode placed close to it on the side opposite 
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the anode. A fast low energy discharge is triggered 
between the cathode and third electrode producing a cloud 
of electrons around the cathode. These electrons facili- 
tate the main discharge to the anode by effectively in- 
creasing the discharge area and thereby reducing the 
current density enough to prevent the formation of a 
constricted arc. Laflamme obtained 9 J. per pulse with 
a peak power of 12 MW trom a 3.8 m long Laser. “The out= 
put energy density was 5.5 J/2. 

Nichols and Brandenberg used a similar elec- 
trode structure but produced a cloud of electrons with 
an 11 MHz RF generator connected between the grid and 
cathode. This device operated very well at 160 torr 
total pressure and the volume flow ratio of CO, : N, 

He = 1: 1: 8. With gas flow transverse to the optical 
axis at Mach 3, 17 kHz pulsed laser output was obtained 
[9]. The flow was necessary to promote cooling of the 
gas. 

Live lyje Ueehasbechmesuggested «that ja dis— 
charge could be stabilized if the volume electron-ion 
production mechanism in the plasma was made independent 
of the applied electric eee through the use of an ex- 
ternal ionization source such as high energy electron 
beam injection of photoionization [10]. In such exter= 
nally controlled plasmas, the applied electric field can 


be much lower than that required for self-sustaining dis- 
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charges and the Townsend multiplication process in the 
volume can be effectively zero eliminating this breakdown 
mechanism. 

Electron beam controlled lasers have been con- 
Structed and operated ([10,11,12) producing plasma den-— 

Sit les son ‘ee ~ ae electrons per eae PhO je land 
resulting peak output powers of hundreds of MW at up to 
2000 J/pulse 113]. 

Also this technique does not depend to such a 
great extent on the concentration of He. Consequently, 
the Sorcanteetien of active co. and N, can be increased. 
This technique also lends itself to stabilizing discharges 
at pressures of many atmospheres where very short pulses 
can be generated. Honea the electron gun can be very 
complicated and expensive requiring high voltage supplies 
to generate electrons in the hundreds of kev to Mev energy 
tange [14]. in) addition, a thin window material 1s re-— 
quired to isolate the high vacuum gun from the high pres- 
sure laser. Usually titanium, a few mils thick, is used. 
Often it must be supported by some type of mesh Per eeare. 

Another mechanism that has been used is to shape 
the electrodes to Rogowski or Bruce profiles and to es- 
LavueshaprelontzZalloneby an addational, discharge bo a 
trigger electrode in the form of one or more wires parallel 
to, but laterally displaced from the discharge axis. This 


has resulted in input energies greater than 400 J/%. 
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Pearson and Lamberton[15] used this technique and sub- 
sequently showed that it was superior to the previously 
employed p? technique. They suggested that the dis- 
charge from the wire to the anode provided ultra-violet 
Ligqnieceom, Liew 704 A resonance line in He. Streak photo- 
graphy revealed that the discharge started from the cathode 
and so it was indicated that photoemission and not volume 
photoionization was the initiating mechanism. However, 
there may not have been sufficient volume ionization from 
the particular arrangement to be effective. Apparently, 
the arcs are suppressed by providing a large current 
cross-section and low current density. 

Output energy increases with increased charging 


voltage and increased N, concentration, and since this 


2 
device can tolerate larger increases in these parameters 
than the double discharge laser, its output energy per 
pulse is about three times higher (18 J/2). 

It was the suggestion that the trigger wire 
produces ultra-violet light that motivated the current 
interest in arc suppression by ultra-violet photoioni- 
zation. Recently, a physical model has been proposed 
which has elucidated the basic physics of the conditioning 
mechanism apparently inherent in the devices discussed 
here and in the ultra-violet sustained devices reviewed 


in the following chapter [92]. Palmer asserted that for 


sufficiently high values of Pd common to CO. TEA lasers, 
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that a breakdown mechanism termed streamer breakdown 
occurs without an initial glow phase. For sufficiently 
high Pd, the space-charge E-field developed at the head 
of a single avalanche (upon application of the above 
breakdown E/P excitation voltage) becomes comparable to 
the applied E-field. The local field gradients resulting 
from the summation of primary avalanches causes the ioni- 
zation to become filamentary prior to breakdown. To 
develop his model, Palmer considered only a single primary 
avalanche. As this avalanche propagates across the gap 
photons emitted from the head of the avalanche promote 
secondary avalanches by photoionization. These secondary 
avalanches tend to converge upon the primary avalanche 

aS a consequence of the initiating Silicone sion spatial 
parameters and the local space charge field. This 
rapidly leads to the development of a highly conducting 
filamentary channel resulting in electrical breakdown. 
Assuming that the radius of the head of the primary 
avalanche is controlled by diffusion (electrostatic re- 
pulsion may play a part) and by applying the streamer 
‘breakdown condition of equality between the applied field 
and the resulting space charge field Palmer obtained 


Raether's breakdown criterion. 
Ot 
— {Pd = 20 + lnd 1-1 


in MKS units 
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ay = Townsend's first ionization coefficient 
-] 
Lie | 
P>= Gas’ pressure [torr] 


d = gap spacing [m] 


Palmer argued that if a sufficient number of 
primary avalanches were initiated, then the secondary 
effects of each primary avalanche would overlap to such 
aneexXtent SOvas NOL bO Eavour convergence! on any  par— 
ticular primary avalanche. Subsequently, he calculated 
that a uniform volume density greater than 104 electron 
cm > would be sufficient to suppress streamer breakdown 
and to initiate a glow discharge. He emphasized the im- 
portance of uniform ealune preionization and pointed out 
that the streamer breakdown could develop ahead of a layer 
Of ellectrons produced “im ‘the vicinity of the cathode: 
Therefore, the strength of the De devices discussed may 


have been in producing volume photopreionization in 


addition to the cloud of electrons at the cathode. 


imsaddition to: the briet description of “the 
physical processes described above, detailed Russian 
work on the subject of electric discharges in gases has 
recently come to the attention of the author. Detailed 


information can be obtained from the publication [118]. 
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1-3 Project Definition 


The mounting evidence supporting ultra-violet 
photopreionization control of the CO. laser excitation 
discharge, promoted a relative abundance of literature on 
the subject. A review has been included in the following 
chapter. 

Although some theoretical considerations have 
been published, the majority of the work has been essen- 
tially trial and error experimentation. Typically, the 
photopreionization concept has been incorporated into a 
laser device and the resulting change of laser input/ 
output characteristics monitored. The resulting changes 
have been related to such parameters as energy dissipation in 
the ultra-violet source, seedant concentration if any, 
andthe wltra=vlolet tilling factor, The £2) ling factor 
describes how uniformly the active laser volume is ir- 
radiated and depends entirely on the source geometry. 
Attempts to determine the relative importance of cathode 
photoemission and volume oe nies ion were made with the 
results largely favoring the latter. 

In general the employment of photopreionization 
devices resulted in marked improvement in laser operation. 
Unfortunately, information relative to the photopreioni- 
zation process wasS meagre and optimum exploitation of 


the concept was inhibited. 
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The primary objective of this project has been 
to provide test facilities and to utilize these facilities 
to provide detailed parametric information regarding the 
CO. laser photopreionization mechanism. Test facilities 
have been designed and constructed in such a manner as to 
yield information regarding the functional relationship 
among the pertinent parameters. Primary targets for in- 
vestigation have been average photoplasma density measure- 
Ments dinva CO. photopreionization simulated device, source 
emission spectra, laser gas photoabsorption and photoioni- 
zation spectra both with and without additives, and the 
determination of absolute photoabsorption and photoioni- 
zation cross-sections. The results provide criteria on 
which to base the selection of ultra-violet sources and 
laser mixtures to obtain maximum photopreionization den- 
Sities. The test facilities provide a convenient means of 
determining the optimum operating point for ultra-violet 


sources and laser mixtures that may warrant investigation 


in the future. 


“at pe tik a ws; lr me ig 
woken ae er iT “fe vans 50 ; 
ak ae 4) el mos 


as @& yommer\ A) dee ni Seo hie 


r 
ape | me bars | SOON" ie wea 


7 
© 


oi lpar: aren 


Soeres 


* 
: ? 7 7 fr rail Pal 
» ¥ ¢ ye es J eri ‘ ic an | td Laie oe at ' he he 4 77 


| ae . cian VF vid "a 
os y vals Ania Gb fi i re? Tr i ¢ ; 


; : in Oe 4 i wh 
end i JAS BND Le mys yg 


nO rae hn he baat | aa eer am 
: bie’ scene bes, ne ee ay wt ngege ers 


te, ' TE exci ot ree eA 
ee ‘ alguien a . 


i 
i ‘s ) 1 _ 


s/f ou Yoeveaeots AAR 


yes 


Chapter 2 


The Ultra=-Violet ‘Photoionization Technique 


Not only can the CO, laser be controlled by an 


2 
electron beam, but it also can be effectively controlled 
by ultra-violet photolonization. 

Since the ultraviolet source can operate within 
the laser gas environment, there is no need for high 
vacuum construction. Ultra-violet control does not require 
a thin delicate foil window and so scaling to pressures of 
many atmospheres should be much easier. High voltage 
sources needed to accelerate electrons in electron guns 
are not required for ultra-violet control. Ultra-violet 
sources can be readily constructed in large arrays giving 
rise to uniform illumination over a large aperture while 
it is relatively difficult and expensive to construct 
large area electron guns. 

UlEGa=VI9let CcOoneErol, OF <a co. TEA laser discharge 
can be divided into two regimes. The first is really a 
partial control mechanism or a discharge stabilization 
technique. The glow discharge phase for an above break- 
down E/P excitation pulse can be initiated by uniform volume 
photopreionization. The required density is low being 
any density greater than Oe electrons cm >. The second 
regime of ultra-violet control is indeed total control. 


; : ee ; 2 a 
Here, photoionization densities exceeding hae: tO, 20 
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electrons em > must be maintained during the pumping of 
the laser. Here the laser can be efficiently pumped by 
heating the electrons with a below breakdown value of E/P. 
This total control mechanism would completely eliminate 
electrical breakdown problems. The regime of operation 
will be determined by the development of practical photo- 


ionization methods. 
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2-1 Basic Principles of Ultra-Violet Photoionization 


Single-step, two-step,and multi-step ionization 
mechanisms have been proposed as being feasible to exploit 
[16]. The species to be photoionized could be any one of, 


Or combination of, the following: 


Laser gases - CO,, No, He 


Impurities Industrial grade gases are 
known to have a relatively Hoh 
concentration of impurities, 
particularly hydrocarbons. 
- Background impurities in typical 
laser devices may also be 
SULtICLeEntly, nigh: 
Additives - Usually low ionization threshold 


molecules such as alkaline 


metals or hydrocarbons. 


Assuming that sufficient ultra-violet’ radiation in a 

given bandwidth can be produced, two basic problems are 

encountered in obtaining volume photoionization. 

(1) The first is related to the high ionization potential 
of the laser gases. Ultra-violet light of wavelength 
less than 900 A is required for one-step photoioni- 
zation of even the most easily ionized constituent - 
COs at 4.4 ey. This ~wenders the use of transparent 


2 


windows practically impossible. In addition, absorp- 
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He, 


tion bands in No at these wavelengths reduce the 
ionization efficiency. Also, one-step ionization of 
He and N, is precluded by the fact that CO. LS 


heavily absorbing for A < 1700 - 1800 A except for 
a narrow window at A = 1200 A and the ionization wavelength 
Of both N. and He are considerably below this. 
(2) The second problem involves the high photoionization 
cross-section of most gases. A typical photoioni- 
zation cross-sections, o,, may be about 1 x tor. 
em? for any one of the laser gases. At a total 
pressure of 760 torr the molecular concentration, 


ne of any one of the gases will be about 2.7 x ose 


om 2, This results in a penetration depth of: 


lea ey Te ee Ose aint 
je) a 


Consequently, a one-step process seems unlikely 
and if indeed one of the laser gases is responsible for 
the ionization then a two- or multi-step process. must be 
the mechanism. However, it is quite feasible that an 
impurity in the laser with a low ionization threshold is 
the agent responsible for volume photoionization and that 
it follows the one-step mechanism. The necessary density 
is difficult to estimate because of the lack of knowledge 
of the impurities' photoionization cross-section. However, 


if one assumes a value of 0; * Ona cm? then) cor a, desired 


penetration depth of L = 100 cm then N = i/o, L = NG tengo 
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This is about three orders of magnitude less than the con- 
centration of the laser gases and could be present in 
the industrial grade gases or as a product of dissociation. 

In fact the first problem can be overcome by 
seeding the laser gas with a small amount of some type of 
low ionization threshold substance. Cesium, rubidium, 
tripentylamine, tri-n-propyl amine and tributylamine have 
been proposed [16]. Such additives must meet stringent 
requirements and not too many substances meet all of the 
following specifications: 

(1) High vapor pressure 

(2) Large photoionization cross-section 

(3) Transparency at the laser wavelength 

(4) Low ionization threshold 

(5) Small cross-section for collisional depopulation of 
the upper laser level (00°1). 

A narrow window in CO. around 1200 A somewhat 
reduces the requirement for low ionization threshold but 
it increases the neceeea for large photolonization, ef— 
ficiency. Also the source would have to be intense across 
the window bandwidth. 

It should be pointed out here that Nygaard [17] 
has proposed using CS or Cs, vapor as a seed material and 
to photoionize it by a two-step process. The required 
wavelength would be around 5000 A where very high power 


sources are available. This would in turn reduce the 
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necessity of high concentrations requiring high temperatures. 

However, Cs iS very reactive and toxic and may 
NOt be practical from a sarety point of view. " Also 1t 
has a tendency to relax the upper laser level [16]. In 
addition Russian work has shown that Cs reacts with CO, 
in the laser mixture, producing compounds that are not 
easily ionized [119]. This was consistent with tests 
Performed on Na and Cd vapors for this thesis. No measurable 
photoionization of these vapors occurred at room temperature. 
Heating the elements to 200 or 300°C did not result in any 
improvement. Although the experiment was performed at 
low pressure (< 0.1 torr) the metal vapor probably reacted 
with background gases producing compounds that were not 
easily ionized. Further pee to produce large photo- 
electron densities with metal vapors were not made. 

The second problem can be solved by taking 
advantage of the high photoionization cross-section of most 
gases and proposing a two- or multi-step process. Here, 

(for a two-step process) the ionizing species becomes 
excited by absorption of a photon approximately 1/2 the 
energy requited for ionization. If the photon flux is 
high enough it will absorb another photon and become 
1onized betore it has time to decay to the ground “state. 
Of course, this mechanism could apply to seed materials as 


well as impurities. 
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2-2 Review of Ultra-Violet Sustained co, Lasers 


Since this project began a number of papers 
have appeared in the literature reporting the successful 
operation of co. TEA lasers depending on arc suppression 
by ultra-violet photoionization. 

A laser depending on the ultra-violet radiation 
from a high voltage spark to stabilize the discharge was 
reported to yield output energies of 50 J/2 at 15%: ef- 
ficiency [18]. In this device the solid cathode could see 
the spark sources through a grid anode and it is likely 
that both surface photoemission at the cathode and volume 
photoionization played a part in stabilizing the discharge. 
When the spark sources neces shielded with a CaF, window 
arcing, OCCULLed andicating that the useful ultra-violet 
was below the window cutoff wavelength of about 1250 iv 
co. : N,:He = 1: 1: 8 flow ratios were used with an 
E-field of 10 kV/em. It was significant that the maximum 
capacitance to be discharged without arc formation in- 
creased with electrode separation indicating that the 
technique would be useful for large aperture lasers. Ina 
Similar device it was reported that the ultra-violet res- 
ponsible for ionization was below 1000 A but no details of 
how this was determined were given [19]. In this case the 
output was 40 J/X at 24% efficiency. 


Operation by ionizing tri-n-propyl amine by a 
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two-step process was successfully demonstrated [20] with 
Output eenergquesnotyi> 372." Inv thaisrcasesthe output 
energy exhibited a sharp peak as a function of E/P and 
it could be readily tuned. The amount of additive was 
estimated to be about 0.25 torr and it was added by 


bubbiang a portionier thesincoming uN. through 1t. “Xenon 


2 
flashlamps employing quartz envelopes were used, effec- 
tively forcing any photoionization to occur in a two-step 
process. 

It has also been demonstrated that a laser de- 
pending on ultra-violet volume photoionization can be 
scaled up to active volumes of almost 19 £2 with resulting 
output energy of 300 J/pulse and peak powers greater than 
S°GW [13]2) This laser was similar in construction to the 
double discharge type except that the preionization dis- 
charge occurred near the anode. The ultra-violet source 
took the form of a two dimensional array of copper discs 
separated from a ground plane by a thin dielectric. Rows 
of these discs were connected to charged capacitors and 
sparks between the discs developed. Time resolved photo- 
graphy indicated that the stability of the discharge 
depended on the ultra-violet volume photoionization from 
the primary discharge. In this case large E-fields were 
found to be the most effective. No additive was used. It was 
determined that the energy density of the beam was 40% of that 


which would result in optical breakdown of the laser gas 
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indicating the need for larger aperture devices. Ina 
later publication the authors reported having success- 
fully obtained a stable discharge across a gap 30 cm wide 
and 600 cm? IneCrOss—secti1onal areas 211. As before. the 
same ultra-violet source was placed behind one of the 
perforated electrodes. Since the polarity of the main 
discharge made no difference to the stability it was con- 
cluded that volume photoionization was responsible for 
arc suppression. The total gas pressure was atmospheric 
and in the ratio CO, : N, : He = Id Peers 

No attempt was made to optimize any parameters 
and it was felt that with such an attempt beam cross- 
section in excess of LGe seme and total output energy 
capabilities of about ‘Wels J could be reached. 

Ina recent publication Judd points out the 
necessity fon good Spatial unitormity of volume photo-— 
Po piea oeneroe proper plasma conditioning. This implies 
that the source must have a geometry conducive to yielding 
constant intensity over the entire volume. Also he 
pointed out that energy transfer to the plasma is depen- 
dent on circuit parameters and that increasing the capaci- 
tance voltage may or may not increase the energy delivered 
to the plasma [22]. Finally, he employed a preionizer 
WEEN wavcurrent that could last from=2 jis to 10 Ws, and’ was 
able to pump the gas from0.5us to 10 us and consequently 


extended the length of the output laser pulse accordingly. 
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He also pointed out that, at least in his system, the 
energy to the ultra-violet source must exceed a critical 
value for proper plasma conditioning and that the peak 
power is not as critical. No additive was used and with 
the use of a filter (LiF) he concluded that the useful 
ultra-violet occurred at wavelengths less than 1200 ie He 
also determined that 60% of the photon flux from the 
source occurred in a spectral range less than 1200 i 
This spectral information does not agree with experimental 
results obtained for this thesis. 

Further work by Levine and Javan [23] resulted 
in establishing an average cross-section for excitation 
of tri-n-propyl amine into an intermediate state to be 
7.3 Mb. Again, they made use of a Xenon flashlamp and 
the cross-section was the average over the flashlamp 
spectrum. The absorption coefficient for” the first step 
photon is actually wavelength dependent and peaks at 2150 
A, at 25 Mb. They used an ion collector that could see 
the source which may have resulted in surface photoemis- 
SloOn- uliakly.) ciey abLibived at.a LOrmMulda sfOre electron 
density based on a two-step process for either an attach- 
ment or recombination controlled plasma. 

In one of the most recent publications Clark 
and Lind [24] constructed a device which employed a total 
Of 1000 carcesin 25, parallelJarrays Similan to Richardson, s 


[13]. This was placed 2.1 cm behind a mesh electrode and 
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the volume between the main electrodes was illuminated. 
The mixture was 0.3 torr of tri-n-propyl amine and a 2.8% 
Ate bo 50%=CO., : N, He’ fatio at 7/00 torr total pressure. 
Theewlera=VOlet source: curcuit Hades a wing period of 10 4s 
and a decay time of about 45 us. Fast oscilloscope traces 
of the small signal gain revealed that it followed the 
ringing variation of the ultra-violet source current. 

Also they discovered that the gain was only flat between 
the electrodes if the mesh electrode was connected as the 
cathode. In a later publication they reported to have 
obtained laser pulse lengths up to 37 us at 47 J/k. Fora 
23 us long pulse they obtained 60 J/% [25]. They also 
established that the ultra-violet responsible for tonizing 
the tri-n-propyl amine was in the range 1200 - 1700 A 
which indicated a one-step process. The concentration of 
CO. had to be kept low, 2 = 3%, so as to prevent ultra- 
violet absorption by cO.. 

The emphasis has been on demonstrating that 
ultra-violet sustained lasers can be operated on a com- 
petitive basis with electron beam sustained lasers. Rela- 
tively little effort has been expended on determining the 
precise mechanism of photoionization in the laser gas or 


in determining the relationship among the parameters in- 


volved in the process. 
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Chapter 3 
Investigation of the Ultra-Violet 


Photoionization Process 


Ultra-violet photoionization involves a large 
number of parameters and they must be well understood 
before this method of arc suppression can be fully ex- 
ploited. The task is made particularly difficult since 
most parameters are intimately linked to each other 
and it is very difficult to vary one parameter and 
simultaneously hold the others constant. An observed 
system response to a parameter variation may in fact be 
due to a combination of factors. Consequently, a very 
thorough investigation of the mechanism is required in 
order to reveal the parametric relationship. In turn this 
reguires that the following studies be made: 

(1) Determine the total average electron density in the 
following gases as a function of time, distance from 


the source, and gas pressure. 


CO5, Noy He 


Mixture of co, : N, s He =~l:st1+:1 
es aes 3 
=] Liso8 


(2) Photograph the spectrum of sources of different 


geometry and gaseous environment for comparison. 
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(3) Using the most intense source observe the depen- 
dencerol the Intensity asa function oF wavelength 
on the discharge circuit parameters. These include 
inductance, capacitance, energy, voltage, ringing 
frequency, rate of change of current, and peak 
CUE rent. 

(4) Observe the time response of the light at various 
wavelengths while the source parameters are varied. 

(5) Observe photoabsorption and photoionization spectra 
for various gaS mixtures of interest. 

(6) Determine photoabsorption and photoionization cross- 
sections for promising additives. 

These measurements will reveal the following: 

(1) The optimum spectral distribution of light for most 
efficient photoionization of a particular laser mixture. 

(2) The dependence of the spectral distribution of a 
source on its geometry and discharge circuit para- 
Meters. 

(3). The efficiency of a source over a desired bandwidth. 

(4) The effectiveness of a source in producing electrons. 

(5) The number of steps involved in the ionization 
process. 

(6) The lifetime of the photoionization plasma. 

(7) Photoabsorption and photoionization cross-sections 


of additives as a function of wavelength. 
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3-1 Basic Apparatus and Experimental Method 


The apparatus required for the experiment 
takes the form of two separate units. A great deal of 
auxillary equipment was required but will not be listed 


separately. 


Interferometer 

The first basic experimental unit consists of 
an x-band microwave interferometer used to measure 
plasma density in a cylindrical vacuum ionization chamber. 
This device is illustrated in Figure 3-l. The ionization 
chamber is a 40 cm section of 15 cm diameter pyrex with 
aluminum end plates. A pump-out port is placed in one 
end plate and the gas inlets are placed in the other. 

Flow meters and a pressure gauge are used to monitor the 
gas flow (if a gas flow is used) and pressure inside the 
ionization chamber. Provision is made to seed the gas 
with various types of additives at will. A spark source 
is symmetrically mounted in the gas inlet end plate and 
can be isolated from the ionization chamber by a vacuum 
window if desired. 

A superheterodyne receiver is used on the inter- 
ferometer for increased sensitivity. When plasma is 
produced in the ionization chamber the bridge becomes 
unbalanced and a signal appears on the oscilloscope. The 


amount of phase shift and attenuation required to null 
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the signal at a particular time (rebalance the bridge) 
can be related to the electron density at that time. The 
response of the bridge is about one microsecond and since 
the decay time of the plasma is typically greater than 
this the interferometer can follow the decay time easily. 
In addition the interferometer is mounted on a track and 
can be moved to yield plasma density as a function of 


distance from the source. 


Monochromator 

The second unit consists of a vacuum ultra-violet 
monochromator which can be used in conjunction with a 
camera or a charge collector and photon counter illus- 
trated in Figure 3-2. The output signals are recorded 
either by x-y recorders or displayed on an oscilloscope 
screen. 

The monochromator must be connected to the vacuum 
facility and evacuated. Vacuum ultra-violet windows could 
be used at the entrance and exit slits if desired. The 
source is placed a few centimeters in front of the en- 
trance slit and care must be taken to insure proper source 
alignment so that the grating can be fully illuminated. 
When the exit slit is replaced by the vacuum tight camera 
the spectrum over the bandwidth of interest can be photo- 
graphed. When the photomultiplier tube is mounted behind 
the exit slit the generation of light as a function of 


time can be obtained for any desired bandwidth and center 
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frequency. Furthermore, when the signal is integrated a 
Signal proportional to the total number of photons is 
generated. This can be calibrated to yield the absolute 
number of photons. A sodium salicylate scintillator is 
used to sensitize the photomultiplier tube surface to the 
ultra-violet Inght. ™ The dadditionvGct a ‘charge collector 
with the collecting plates placed parallel to the optical 
axis ane between the photomultiplier tube and exit slit 
will yield total charge produced as a result of photoioni- 
zation. The exit slit must be sealed with a window so that 
the cell containing the charge collector electrodes and 
photomultiplier tube an be "filled" with any desired gas 
at any pressure without increasing attenuation in the 


monochromator. 


Noise Shielding 

The high voltage spark source generates strong 
radio frequency noise and affects the operation of both 
the interferometer and the photon counter - charge col- 
lector combination. The following techniques have been 
successfully employed to increase the signal to noise 
ratio to an acceptable figure: 
(1) Floating all electrical equipment. 
(2) Replacing d.c. supplies with batteries where ever 

possible. 


(3) One point grounding with wide metal strips. 
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Double ferromagnetic shielding between the source 
circuitry and monitoring devices. 

Double ferromagnetic shielding around the discharge 
elrcuitry. 

Double ferromagnetic shielding enclosing the elec- 


tronics for the photoncounter and charge collector 


combination. 

Double ferromagnetic shielding around the spark source 
when used on the monochromator. Only narrow slits in 
the shields can be tolerated to allow the transmission 
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3-2 Theoretical Considerations 


In the following sections each piece of apparatus 
has been discussed thoroughly and the theory pertaining. to 
its design presented where ever necessary. In addition, 
the theory required for the interpretation of data has been 


included. 
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3-2-1 The Ultra-Violet Light Source 


Spark sources of different geometrical shapes 
have been constructed as shown in Figure 3-3. The sparks 
produced by these are termed "condensed spark discharges" 
because of the nature of the discharge circuitry [37,38]. 
In addition, the sparks from the first two structures 
take the form of "Sliding spark discharges". The name 
arose because the spark tends to slide over the surface of 
the ceramic dielectric. These structures are similar to 
the Garton flash-source [39] except that they are operated 
at a higher gas pressure than the Garton flash-source. Un- 
less vacuum ultra-violet windows are used the sources must 
operate at the laser gas pressure. These sources appear 
to produce a closely spaced line spectrum from about 3000 
A down to about 1000 A. A very weak continuum may be 
Superimposed. The spectrum is affected by such things as 
electrode spacing, electrode material, presence of ceramic, 
gas type, gas pressure and discharge circuit parameters. 
The plasma jet tends to foul the source gas by ejecting 
vaporized ceramic and electrode material. It also tends 
to damage any window employed by pitting and clouding the 
Surcace. —The pin Spark plug is by far the cleanest of 
the three, however it appears to give rise to a lesser 
plasma density than the plasma jet. 

The spark sources are designed for screw-in 


mounting and O-ring sealing. An adapter has been used to 
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adjustable electrode aluminum electrode 


vacuum seal O-ring seat 


casting resin 
perspex ceramic tube 


(a) 


perspex body adjustable electrodes 


O-ring seat set screws 
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brass rods 


(b) 


ceramic 
electrode 
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(c) 


FIGURE 3-3 SPARK SouRCE GEOMETRYS Cross-sectional 
views of some of the condensed spark discharge sources 


employed have been illustrated (a) plasma jet spark 
plug; (b) pin spark plug; (c) conventional surface 
gap spark plug. These devices have been designed for 
"screw-in" mounting (not illustrated). 
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mount the commercially available surface-gap spark plug. 
Electrical connections are securely made with hose clamps. 
This design facilitates changing from one source to 
anoener sor comparative testing. 

The plasma jet spark plugs are filled with 
casting resin to support the ceramic tube and to afford 
better isolation between electrodes. The center elec- 
trodes fit tightly and are adjustable over approximately 
SEC eel News sthucruLre 1 blustuated in -Fagure: 93-3 (a) has ais 
inch diameter ceramic tube and electrode; another similar 
structure employs a 1/16 inch diameter ceramic tube and 
electrode. The outside case is made of aluminum and the 
center electrode of tungsten, however, the center elect- 
rode can be replaced with et desired material. The 
surface-gap spark plug employs a 1/8 inch center electrode 
separated from the outside case by a ceramic filled body. 
Typically, the case is made from anickel alloy and the 
center pin of the same material. Alternatively, the center 
electrode may be tungsten. The pin spark plug is con- 
structed from a solid piece of perspex with brass rod feed- 
throughs) to; the, electrodes... i The electrodes ,are 1/16 inch 
in diameter and the gap spacing is adjustable over about 
2 cm. Tungsten electrodes have been used but can be 
readily changed. These sources have been tested and 
operate satisfactorily at 50 kV and 125 joules per spark. 


The discharges last a few microseconds and are repeated 
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once every second. This low spark rate corresponds to an 
average power dissipation of only 125 watts. The sources 
handle this without the necessity of built-in heat ex- 
changers. 

The circuitry used to drive the spark sources is 
illustrated in Figure 3-4. Typical parameter values are 
V = 40 kV and C = 0.1 uf. The equivalent series inductance 
May be dependent on the type of capacitor used. It is 
necessary to submerge all the circuitry in transformer oil 
so as to prevent corona discharge and breakdown to ground 
points. 

The spark gap is pressurized with N, so Chaka 
can stand off the charging voltage. The spark gap is 
triggered by a pulse from a coil to a spark plug in the 
Spark gap. The rate of triggering is controlled by a 
separate device. The spark gap is necessary for the 
operation of the plasma jet and the surface gap plug because 
the ceramic becomes coated with a layer of metal sputtered 
Erom theseléctrodés.,. This causes a free running discharge 
to behave erratically. On the contrary, the pin spark plug 
is well suited for free running operation and the spark 
gap may be shorted with a metal strip. This would be 
desirable from the point of view of reducing the circuit 
inductance. However, over-voltage operation is desired 
in order to increase the discharge current. 


The following equations describe the discharge 
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current [A] 
initial capacitor voltage [volts] 
capacitance [F] 
total inductance [h] 
; ee = 
cyclic ringing frequency [sec "] 
ih 


radian ringing frequency [rad sec —] 


time to the first current maximum [sec] 
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3-2-2 Microwave Interferometer Design and Operation 


Microwaves were chosen as the primary plasma 
density diagnostic. tool for a number of reasons [44,45]. 
For the low microwave power densities required, the electron 
velocities imposed by the electromagnetic field are 
negligible compared to the random thermal motions. Con- 
sequently, microwaves do not perturb the plasma. Further- 
more, microwave techniques exhibit good sensitivity and 
temporal resolution. The method does not possess effec- 
tive spatial resolution, however this has not been a prime 
requirement. Microwave techniques are not affected by 
photoemission as for example electric probes are. The most 
sensitive microwave technique is a microwave cavity per- 
turbation method. However, this does not lend itself 
physically to the application required. Furthermore, port- 
ability of the test facility was required in order to allow 
plasma density measurements on a variety of laser cavity 
structures. Microwave interferometry possesses almost as 
much sensitivity and lends itself physically to the re- 
quirements of the project. The resulting test facility is 
illustrated in Figure 3-1. 

Thesklystronessource in Figure 3—1 can be. con— 
tinuously adjusted from 7 to 10 GHz (TE, 9 mode) [94,95,96]. 
When a measurement is to be performed it is set to some 
value in this range and then left unchanged throughout the 


measurement. The directional coupler splits the signal 
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approximately in half. The signal in one arm traverses 

the plasma and is reunited with the original signal at the 
magic tee for comparison. The magic tee is connected so 
that a signal proportional to the sum of the two incoming 
signals is transmitted to a matched load and the phasor 
difference between the signals is transmitted to the 
balanced mixer. In the absence of plasma the level setting 
phase shifter and attenuator are adjusted so that the 
Signals are equal in phase and magnitude at the magic tee. 
Hence the difference signal is zero and no power is coupled 
to the mixer. When the ultra-violet source is triggered 
and plasma created, the signals are unbalanced due to phase 
shift and attenuation suffered by the signal traversing the 
plasma. Consequently, a difference signal is transmitted 
to the mixer. The amplitude of this difference signal is 
dependent upon the phase shift and attenuation suffered in 
the plasma. The local oscillator is set so that the IF 
frequency out of the mixer is 200 MHz. This low frequency 
Signal can be amplified in the conventional manner. The 
200 MHz signal is fed into a narrow band (2 MHz) amplifier 
[97]. The narrow band provides noise suppression. Also 
this unit drops the signal to 20 MHz by mixing it with a 
180 MHZ internal local oscillator signal. This un- 
demodulated signal can then be displayed on a CRT. The 
phase shift and attenuation caused by the plasma can be 


determined at any desired time by nulling the signal at that 
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time. This is accomplished by adjusting the phase shifter 
and attenuator in the plasma arm until a null is produced 
at the desired location (time) on the CRT. Taking the 
difference between the "before" adjustment and "after" 
adjustment on the phase shifter and attenuator, yields the 
phase shift and attenuation. In principle the entire 
procedure can be repeated at a different test frequency 

and then the average plasma density and collision frequency 
may be determined. 

One of the most difficult problems encountered 
was the phase shift, Adve due to a random drift in 
frequency, Af of the source klystron [44]. In general 
for a waveguide of length L the phase shift due toa 


frequency excursion, Af is is given by 


where A_ is the guide wavelength and i is the wavelength 
in space. The phase change seen by the bridge is then due 
to the path difference of the two arms AL: 

OF 5 


d KE 
Ab. = 27AL (2) = eesthe 


In order to stabilize the system AL was made as small as 
practically possible and Af was reduced by immersing the 


klystrons in an oil bath. The oil was cooled by cir- 
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CUlatang "UC through a water jacket. Prion to this at had 
been determined that the frequency fluctuated rapidly due 
to temperature differences and air currents in the 
laboratory. Here "rapidly" means relative to the length 
of time to take a measurement (= 30 sec). The local os- 
cillator klystron had to be temperature compensated as well, 
to prevent the difference frequency of 200 MHz from drifting 
Out of the amplifier bandwidth) of 2 MHz. 

The interference from the ultra-violet source 
high voltage discharge was reduced by providing a double 
ferromagnetic shield between it and the bridge and associ- 
ated equipment. A copper mesh continued the shield over 
the source. Ground loops had to be avoided as well. 

Finally, it. should be pointed out that the res- 
ponse of the circuit was limited by the 2 MHz bandwidth 
Gimathe marrow band amplitver to about (0.5 Ws torl Ws. 

Also a phase shift of about 1/100 of a degree could be 
measured. This implies that the interferometer was sen- 
Sitive to plasma densities as low as 10/ electron cm 
The upper limit is determined by the plasma cut off fre- 
quency and is about 107* electron cm™ 

The microwave bridge was mounted on a roller 
bearing track so that it could be moved along the pyrex 
cylinder. This allows one to make plasma density measure- 


ments as a function of the distance from the source. 
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3=2-2 (a) Propagation Through Unbounded Plasma 


It will be assumed that the electromagnetic 
waves are traversing an infinite, uniform Lorentz plasma. 
A Lorentz plasma is one in which the electrons interact 
with each other only through collective spacecharge forces 
and that the heavier neutrals and ions are at rest. The 
ions and neutrals are regarded as a Stationary fluid 
through which the electrons move with viscous friction. 
This plasma is "cold" and effects that depend explicitly 
on temperature can be neglected. Also in this particular 
case no static magnetic field has been used to contain or 
orient the plasma. Consequently, the medium is isotropic 
and exhibits no dispersion, and a one-dimensional analysis 
is justified. Since the plasma is "cold" relativistic 
effects can be ignored and classical mechanics applies to 
the analysis [44,45]. Newton's relation F = ma gives rise 


to: 


for an electron in the plasma: 


where m is the electronic mass [g] 
x is the displacement [cm] 
e is the electronic charge [coul] 


a 


E is the electric field [volts cm 


vy is a viscous damping term [rad sec +] 
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The time and space varying magnetic field 
associated with the electromagnetic wave can be ignored 
Since its effect is proportional to v/c where v is the 
thermal velocity of the electrons and c is the velocity of 
figne.Pinethis coldjnonrelativistic plasma v =< Cc and. so 
Vi Caramel. 

E is actually the sum of the internal electric 
field due to electron space charge and the externally 
applied electric field. In this case the external electric 
field is the electric field component of an electromagnetic 
wave which varies as exp jwt in time. 

v is a factor that accounts for all remaining 
interactions of the electrons with its neighbors. It is 
the collision frequency for momentum transfer of an 
electron with its neighbors and thus manifests itself as 
a damping term. The collision frequency for momentum trans- 
fer for a particular collision process - say electron 


neutral collisions is given by: 


ee Seb 
where n, is the density of target particles teh jpeeecia 
this case neutrals of a certain species [41]. Qn is the 


collision cross-section for momentum transfer or proba- 
aS: zee ’ =a 

bibiey of collision toc this process or event, [cm ~].- 

As before v is the thermal velocity of the electrons. 


Of course the electrons can suffer other elastic 
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collisions with other particles such as ions, impurity 
particles,and with other electrons. In many experimental 
Situations inelastic collisions such as excitation, ioni- 
zation and dissociation can also be involved. Each of 
these processes whether elastic or inelastic can be 
assigned a collision cross-section for momentum transfer. 
This cross-section multiplied by the effective number of 
target particles in each case and by the electron thermal 
velocity yield the collision frequency for momentum trans- 
fer for each collision process. The effective collision 
frequency or damping coefficient to be used in Equation 
3-11 is then the sum of all of these. 


k 
iyes y = ome ne dee Y 3-13 


for k different types of collision processes. 

It has been stressed that v is the collision 
frequency for momentum transfer and not necessarily the 
total collision frequency, (or more correctly not the 
total cross-section). Recall that the fractional energy 
transfer upon an elastic collision of two bodies depends 
on their relative masses and impact parameter [45]. The 
fractional energy lost by a particle of mass m upon striking a 
"stationary" particle of mass M is given by: 


2, Ge = 
AE Seal (1 cos 6) 3-14 
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provided that m << M as in the case of an electron-ion or 
electron-neutral elastic collision. - ¢@ is the scattering angle 
and is related to the impact parameter. In terms of 
fractional forward momentum, Per lost by the electron one 


May Write AP. = 1 = cos ¢. This is treating each collision 


ie 
separately and to get the collision cross-section for 
momentum transfer one must multiply the total collision 


cross-section qe by the average value of AP ,. 


ey qn =<l- cos 9 > q, fOr va PpaGeicular cOl11si10n 


process. 


However, for most atoms or molecules of energy around 1 ev 
ScaLtering 1S approximately asotropic and <1 °— ‘cos ¢-<= J soe 
2 che 
This discussion was included only to show why 

the viscous damping term may be important and how it 
Originates. No attempt will be made to calculate possible 
collision cross-sections. 

To obtain the steady-state solution to Equation 
3-1l one may replace the operator d/dt with jw, since the 


time variation of the E-field is exp (jwt). 
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x = eE/mw(w- jv) 3-16 


The current density is given by: 


: iw 
a0 Qi =ne Aepsstlo ry Ta" “ 


‘aie 4 at b 


“ 


| 


“A 


aie ia 


ia 7 


ae 5 nc 
15.- 4 
»? 2 y's 4 
a39 ¥ 
*6 rel 


14 PSE 
ipte-Ybeers we. atin se 


s' aI 7 
14 bas yb ? ee: Tes Pass Py ait alate te 
saeag 
wt ar 2 cee. 7 i etal a Sut: 36-8 
7 > ee ee +-% 


=~ es yas beh ie 


he 


eee i =i} Ad " = 


0 So = nxe 3=17 
J = current density [A eae 
a electron density ica 


The raised dot denotes the time derivative 

with d/dt > jw 

J=- njJwxe Shllire: 
Substituting Equation 3-16 one arrives at: 

J =- n,eBj/m(w - jv) ee) 
comparing this to Ohm's law 

J = 0E 3-20 
Oo = conductivity [cm ohm *] 


We see that a conductivity can be defined isuch that: 


ne* (v = 50) 


“yl 


where "*" indicates that the conductivity is complex. This 


is known as the Lorentz conductivity. It can be absorbed 


in the dielectric constant by defining an equivalent comp- 


lex "Lorentz dielectric constant" (dimensionless) as 
follows: 
AF, Ga » = 2 eS mL 
k = ky ak al mE; 3-22 
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SO 


2 2 
5 ' 5 v 
k = ihc 2 2 7 a 2 y) _ 3-23 
Ww tN) W pW W 
ne tps 
jet Gehl pees lasma frequency [rad sec 1] 
p a Pp q y 
3-24 


For plane travelling waves having the form 
exp (jwt - yz) the propagation in a uniform medium may be 


expressed in terms of the complex "Lorentz dielectric con- 


State. 

: ae es sl /2, 1/72 

ies Gr Yo =O) ae 6 = 4k kh z 3=25 
Le is the relative permeability and is equal to 

1 for most practical plasmas. a and 8 are the attenuation 


and phase constants respectively. 


y Lorentz dielectric constant renmee 


velocity son light 3x ude cm sec 1] 


= 
II 


Q 
II 


The quantity that will be of most use is the 
complex refractive index (dimensionless) which is defined 


as: 


substituting Equation 3-25 one obtains: 
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Hw and xy are the real refractive index and the 


real attenuation index respectively. 


With Ke = 1 Equations 3-23 and 3-27 can be solved 


to yield 
eae a ee 
k. + eee + we 
Lu = 3-28 
2 
E72 ae 2 
i + (kK, + 0 
XY = oa 
Ys 
where 
the 
ee = l- 5 5 3-30 
W ce W 
and 5 
- | ‘ 
Ki -( 2 ) Ww — 
W a Ww 
Now 
B= ~ 3-32 
= Ww ire 
Ca Sie S35} 


These last two equations will be used to extract 
the desired information from the microwave propagation 


measurements in the plasma. £8 is the amount of phase 
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shift suffered per unit length of plasma [rad ae 
a is the attenuation suffered per unit length of plasma 


ih 
[ nepers cm]. 
3=2=2 00D) Application to Photogenerated Plasma 


The actual laboratory plasma has boundaries of 
a particular shape and can, only under special circumstances 
be, treated as an infinite plasma so that the preceeding 
analysis applies without correction [44,45]. 


Typical parameters will be: 


C2 21 sO ex 10° rad gear test frequency 
Deee i5eem | dimension of plasma 
Wo 56417 (n fom 9}) 4" rad soe" plasma frequency 


= 


Then for this plasma w/w, > 10/1 even for the largest ex- 
pected electron density of Sie je en. Thee te aoe wy 
and the particularly complex propagation theory close to 
the plasma resonance can be avoided. 

For these same conditions it can be shown that 
Le ean % 800 and that AG SS (oe This means that the 
plasma dimension is very much greater than a free space 
wavelength at the test frequency and therefore permits one 
to ignore the effects of diffraction. This allows one to 
reduce the problem of propagation of the finite beam of 
electromagnetic waves through a finite plasma to a one- 


dimensional plane wave problem as a first approximation. 


Now the theory developed earlier in this paper may be em- 
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ployed. 

To further simplify the problem it will be 
assumed that the plasma has planar boundaries (ws oe (C/D)*) 
so that a one-dimensional analysis can be employed. It 
will also be assumed that the adiabatic approximation 
applies. This ignores the effect of reflection at the 
boundaries and resulting interference. 

The following analysis shows how the average 
plasma density and collision frequency damping coefficient 


can be determined from the measured phase shift. 


In the adiabatic approximation 


Ago = iz = Bp? ax 3-34 


where Ag is the measured phase shift [radians] 
and Bo and BD are the phase constants 
for: no plasma (approximately free 


space) and plasma respectively. 


By = w/C Bo = ew /C From Equation 3-32 


From Equation 3-28 
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In the case of w > w_ the plasma appears as a low loss 


dielectric [45] where Rae oes Rae and k > 0. Now u can be 


Simplified. 
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(frst two terms of a 


about zero). 
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Upon substituting Equations 


obtains for u: 
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Taylor series expansion 
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one obtains: 


2 
2 2 zZ 
o W W i Vv = 
Ao = =f Fey | pea staal Sed as SS | ped Me P - 
Cc ae + yy) oie + we) 2 HAC Se 5) 
3-4€ 
but 
2 e? 
Wy =A n., (x) where A = es m A =a7 
Ww 
Ad ee 
elie =e a 
son? Wei: eae ee va 
negligible since 2w° >> w 
5 Z 
‘ie 
p ax 3-48 
BY Qi. ee 3) 
- a n, (x) “v* 
Ag = ——>5———>— An_(x) - —,——— dx 
2C (w- + v*) = Au“ (ue + v2) 


In order to perform the integration one must 
know the density distribution shape function along x, 
that is n(x). HOweven, invthis application, 1t is 
reasonable to assume that the density will be approximately 
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Upon performing the integration on Equation 


3-49 between x = 0 and x = L one obtains: 


Liegs SatiSstying tosnoler chat sin the absence OF 


collisions (v = 0) that Equation 3-50 reduces to 


WwW A ny L 
Ad = 5 3-51 
ZC 
or 
. iene we Ce AG 
n = 3-52 
e 2 


However, if v becomes significant Equation 3-50 
may be solved for ne by use of the quadratic formula. 


Rewriting Equation 3-50 
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Although Equation 3-54 contains two unknowns namely ne 
and v these parameters can be determined for a particular 


plasma by measuring Ad at two different frequencies w, and 


vk 
W> (say W, = 7 GHz, Wo = LOMGHZ). 
Then 
2 ty AP 
2v Ady Cc 
1-{1- ———— 
7) 3 L 
—_ Lot: 
De = 3-55 
A we 
2W 2 uy 2 + v7) 
ih 1 
12 
2v Ags (S 
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i= 3-56 
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The negative sign was chosen since Equation 3-54 


must reduce to 
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This can be shown from Equation 3-54 
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— -.2v* ag cy72 
ee eo ee 
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ase > 0 
then 
2V = Ce 4 3-58 
oy IL 
and 
5 Ly Ae 
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By approximation by the first two terms of a Taylor series 


expansion about zero. 


Then 
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negiigible 


Sa00) 


If and only if the negative sign is chosen does 


the equation reduce as required 
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Equations 3-55 and 3-56 are not linear and so it 
would be difficult to solve for each variable analytically. 
However, they lend themselves to a graphical solution. 


i.e., for a given set of w Ady Wo and Ad, all possible 


1! 
solutions to each equation can be plotted. Their inter- 
section will yield the values of is and v which simul- 
taneously solve the equations. 

Upon examining Equation 3-50 one sees that for 


constant w and nae Ago decreases with increasing v. This, 


along with some typical numbers, may be used to simplify 
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Equations 3-54, 3-55 and 3-56. A typical phase shift 


recorded at high pressure with an additive might be 


Nowe ONS aes Gas 10 paduecones 


With v v w 
ivy WG a 
—.—— = 6 x 10 3-63 
, a] 
wo OL 
Ag? must be in radians. 
So by a Taylor series approximation 
2 ee 2 
ee = c » 1-L see B04 
Ce hy = la 
Equations 3-55 and 3-56 become: 
_ Ady AD #v°) em 
eee o 3-65 
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Wo Dee 
Equating these two yields 
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The positive sign has been chosen since only 


positive frequencies have physical meaning. 


re 


ae 


“oy mid he ie "Tall ey gs ad a i a 


a | } 
‘ * Bye ; : 


ae 
— =! 
= : 
J 
os 7 
‘ = 7 ae = 
. es e ra 
a 
! | es 
f _ ae 
tx 


Ryan 
ppinty owt onoty i 


64 


So for collision frequencies such that v = w 
then the equation can be solved analytically and the method 
is much easier to make use of. 

It should be pointed out that an alternate 
method of determining the poiieten frequency and average 
electron density would be to relate the attenuation measure- 
ment to the attenuation index xy. Then a determination of 
Ap and the attenuation at only one test frequency would be 
sufficient to determine ne and v even for large v. How- 
ever, due to reflections from the surface of the pyrex 
cylinder the attenuation measurement is not at all depen- 
dable - in fact it is not even true attenuation. The ac- 
curacy could be improved by placing a second directional 
coupler an the transmitting jarm,Ot the bridge and using 
the transmitting horn as a receiver of the reflected signal. 
A portion of the signal is still scattered but the reflec- 
ted signal could conceivably be monitored and used to 
correct the attenuation measurement. However, unless 
tremendous care is taken this method would probably be less 


accurate than the one discussed in the paper. 
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3-2-3 Monochromator Test Facility 


The monochromator assembly has been illustrated 
in Pigure 3-25) A*diftfraction: grating ruled to 30,000 
lines per inch has been employed [99]. 
The unique focusing properties of the concave diffracti 
grating were first analysed by Rowland [37,38]. Basically, 
the spectrum of a point sourcelying on a circle of diameter 
equal to the radius GE curvature of Ehe grating and tangent 
to the grating will be focused on the circle (called the 
Rowland circle). The equation relating the angular dis- 


persion to the wavelength is: 
ome sit e+ Sinan) SiN ONS: 


where m is the order of the spectrum 
+ corresponds to an inside order 
- corresponds to an outside order 
X is the wavelength [cm] 
d is the line separation [cm] 
a is the angle of incidence to the grating 
normal 
Bos thevangle ob dittractiom to the grating 


normal 


An infinite number of spectra are produced and the light 
is shared among these. In this project the first outside 


order has been employed and the grating is blazed to re- 
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DPlecwomos® or thermight antokthis order. “care must. be 
taken to — that spectra of different orders do not over- 
lap and give rise to erroneous results. For this project 
a quartz window (short wavelength cutoff of A = 1800 to 
2000 A) has been satisfactorily employed to isolate the 
Eres tt Ovder. 


The angular dispersion is given by: 


dp m 


dye eu Sidiecosme ee 
The linear dispersion: 
Gan ae Te 3-70 


an) | decoc:s 
Reu= edius Of ‘curvature of the grating. [0.5 mm] 


when R is in meters and (1/d) is the number of lines per mm 


dQ _ cos B 4s Ss 


where % is the length along the Rowland circle where the 
spectrum is focused. The plate factor is the reciprocal of 
the linear dispersion and for the case under consideration 
is about 12 A/mm. The resolving power is given by mN (N 
is the number of grating lines illuminated) and is about 
20,000 £or the first order spectrum. Also with the par- 
ticular grating used the monochromator can see wavelengths 


extending essentially from zero angstroms to the visible at 
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about 4500 A. The shorter wavelengths can only propagate 
ina Vacuum. “An oll asffusion -punp 1S bulie anto the 
monochromator and only a rotary backing pump is required. 
The Seya Namioka OUR technique is used in 
the monochromator. This mounting is mechanically very 
Simple and facilitates scanning of the source. Built-in 
synchronous motors and gear reduction chains rotate the 
grating in either direction and the source can be scanned 
at a number of calibrated rates. However, this type of 
mounting yields perfect horizontal focus of the entrance 
slit at the exit slit only when the slits subtend an angle 
areecCoewOLeatingd Of 7 Uss eel a0C1 CLOnN, lass mounting 
results in a great deal of aStigmatism. Astigmatism is 
the tendency for a point on the entrance slit to be 
imaged into a vertical line at the exit. The length of 


astigmatic image is given by: 


Z = |: ee | eistwae B+ Sin OF tan oO cos. 6] 
cos a 


~ 
Il 


where length of entrance slit [cm] 


= 
i} 


length of ruled lines [cm] 


In this=particular case the only serious effect 


will be the loss of intensity. 
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3-2-3 (a) Camera - Photomicrodensitometer Assembly 


lf a camera iS mounted on the exit arm of the 
monochromator so that the photographic plate lies on the 
Rowland circle the spectrum can be Bas ere oneds However, 
perfect focus is only obtained at one point on the circle 
because of the mounting technique employed. To obtain 
good focus over the entire photographic plate the orien- 
tation of the plate must be adjusted each time the 
grating angle is changed. This is extremely tedious since 
only a trial and error technique can be used. However, 
comparative data can be obtained even without perfect 
LOCUSHE ein Order, sLOnObDtainmincenstty as) a funct1on) of 
wavelength from the plate a microdensitometer must be 
used. «However, £o0L, anything other than perfect, focus on 
the plate, decreased intensity and apparent line broadening 
will result. In addition, the film is very non-linear 
and the entire system would be very difficult to calibrate. 
Also, gelatin cannot be used on ultra-violet sensitive 


film and so it can be easily marked by handling. 
3-2-3 (b) Photoelectric Recording with Photon Counter 


If the camera is replaced by an adjustable slit 
at the point of perfect focus on the Rowland circle then a 
narrow bandwidth of light at any desired center frequency 


can be filtered out and the intensity monitored photo- 
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electrically asiiililustrated sin Figure 3-2. This results 
in a loss of wavelength resolution but is of little con- 
cern in this application. The gear drive assembly is 
calibrated and a counter indicates the wavelength at the 
center ‘of tthe slit. 

Most photomultiplier tubes are equipped with 
quartz vacuum windows. The quartz is not transparent at 
wavelengths much lower than 2000 A. Consequently, sodium 
Salicylate has been used to sensitize the cathode surface 
EOmudera-vVioleteliqht. se. This  ,articular phosphor has high 
quantum efficiency and has a linearly flat response over 
the wavelength range of interest [37,38,46,40]. Sodium 
salicylate fluorescesin the blue around 4200 A [40]. This 
matches the peak sensitivity of the cathode surface used 
(S-11). The photomultiplier tube must be mounted so that 
abbechemiaght. fromethesexit Sivtutalls on, the vscimti lator 
surface for maximum sensitivity. 

When the slit width was decreased to obtain a 
narrow bandwidth and good wavelength resolution,the 
photomultiplier gain was not sufficient. Consequently, 
two additional stages of voltage gain of x14.2 and x9.2 
have been constructed. The final stage can be switched in 
OLPOuL atewill. 'The-overall Tisertime of the circuit 1S 
less than 50 ns. This is sufficiently fast to follow the 
generation of light as a function of time at a given 


frequency. To obtain the total number of photons per 
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Spark over a narrow bandwidth the signal must be integ- 
rated. An integrator has been built with a rise time less 
than 30 ns. The integrated signal is then sampled and 
recorded as a function of wavelength with an x-y recorder. 
The integrater is automatically reset in time to integrate 
the next signal. The x-y recorder horizontal drive has 
been synchronized with the monochromator wavelength drive. 
As the source is scanned the x-y recorder generates a bar 
graph type of display characteristic of the source total 
photon output per spark. 

In order for the data to be useful in determining 
such parameters as photoionization and phetoebeoretion 
cross-sections the device must be calibrated. This can 
be done by considering the cathode sensitivity, the photo- 
multiplier tube gain, the electronic amplifier and integ- 
fator gain, and the quantum efficiency of the scintil-— 
lator. All of these values were either available on the 
Manufacturer's specification sheets or could be calculated. 
The only exception was the scintillator, quantum efficiency, 
and this has been determined experimentally. The entire 


calibration procedure has been described in Section 6-26. 


3=9-setc) TPhotoionization Detection! by Charge Coliection 


The geometric relationship of the charge collector 
is illustrated in Figure 3-2. The collector plates are 
6 cm by 12 cm in area and separated by 2.54 cm. THs 


was sufficient separation to ensure that light expanding 
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from the exit did not strike the electrode surface and 
so risk causing photoemission, The length of 12 cm 
was chosen so that the beam of light would expand to 
a cross-sectional area almost as large as the 
scintillator surface. The collector plate bias voltage 
has been made adjustable from 10 volts to 1170 volts. 

For low photoionization density no space charge 
E-fields will develop that would shield the ensemble of 
photogenerated charges from the applied E-field [41]. 
Under such conditions, each charged particle whether 
positive or negative responds to the applied E-field 
independent of all other charges. The electron motion 
will give rise to a current flow as will the positive ion 
motion. (It has been Beeaned that the positive ion will 
be singly charged). The total current, ius will be given 
by the sum of these. 

The total amount of charge that will have moved 


is given by: 
ce 
Cc 
i Le) dt = (Cupeicoude 3-73 
fe) 


where t [sec] is the time required for all of the in- 
dividual charges to reach their respective collector elec- 
trodes, This time will depend on the value of E/P where 


E is the applied electric field [volts nie | and P is the 
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gas pressure in the test cell. Since time resolution of 
the current has not been required, integration of the 
current has been done by simply placing a series capacitor 
in the external circuit.. The voltage appearing on the 
capacitor will be directly proportional to the total amount 
of photogenerated charge. This is, assuming that all 
photogenerated charge reaches the collector plates. The 
sensitivity of such a device is inversely proportional to 
the capacitor value. The resulting signal can be amplified 
and displayed with an x-y recorder. The "integrator" is 
then reset and ready to process the next Signal. The hori- 
zontal drive of the x-y recorder has been linked to that 

of the first x-y recorder and photoabsorption and photo- 
ionization spectra can be generated simultaneously. 


Considering that the higher electron densities 


observed on the bridge were typically around ape to ioe 
cm >, one can estimate the expected electron density in 
the test cell to be about 10° cm °. Such parameters as 


entrance and exit slit width, window transparency, and 
diffraction grating efficiency have been taken into account 
in estimating the value. Since this charge will expand 

to fill a larger volume the density will decrease some- 
what and a consideration of the Debye length [41] reveals 
that no Significant space charge E-field should develop. 
This has been treated more thoroughly in Section 6-3 


In any case, the photoionization density can be reduced to 
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a level precluding space charge E-field development by 
reducing the source intensity. The only remaining con- 
dition to satisfy, is whether the resulting input signal 
is sufficiently high to overcome amplifier noise (assuming 
that the device has been adequately shielded from all ex- 
ternal noise sources). Typically, parasitic front end 
Capacitance may be a few vico farads. For an electron 


density of 10° one over 6 ome the total charge that may 


Pomcomlected oc loae ale eeieca 10 


coulombs where 

both electron and ion charge have been assumed to have 

been collected. The resulting front end voltage signal 
Will bea fewemillivolts: )) This*is 2-06 3yeorders of mag— 
nitude above the noise level of many solid state devices. 
Schematics of the resulting electronic network are shown 
in Chapter 4 where a brief discussion of the photon counter 
and charge collector electronic design has been given. 


The calibration procedure of the device has been included 


in Section 6-2-6. 


3-2-3 (d) Application to Cross—Sections 


Data obtained from the calibrated photon counter- 
charge collector assembly can be used to determine absorp- 
tion coefficients, total absorption cross-sections, and 
photoionization cross-sections. 

Lambert's law states that "if the diminution 


of a parallel beam of monochromatic radiation through a 
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homogeneous absorbing medium is considered, it is found 


that the intensity is reduced by the same fractional 


amount in equal succeeding portions of its path" [42]. 
-AI = IypAy 3-74 
I = intensity [ergs sect om. 7] 
u = absorption coefficient [om +] 
xX = distance [cm] 


The solution to Equation: 3-74) is: 


I = I exp(-ux) 3-75 


I, = initial intensity [ergs sec > Sel 


It is conventional to reduce y to standard conditions of 


pressure and temperature (STP) 


760T 
L = test cell length [cm] 
P = test cell gas pressure [torr] 
T = test cell gas temperature [K°] 


This implies that measurements at different temperatures, 
pressures, and lengths should yield the same value of u. 
This is a statement of Beer's Law [42]. 

Absorption coefficients are often expressed in 


terms of an absorption cross-section. 


: y 
5 
fue a? 
: ae? ~~ 
TA rol) & ee 
7 i 
ise] 
Ff 
(fe 
: a : 


1 — a’ 
ave ee ond rs Have hes 


4 le 
y 
6 
4s 
a) | 
HM , 
| 
can't 
: 7 & 


is dete ae abuwis 
eo» 7 aan 
ae t 45Re~ 


ms " ae a 


a 


ah 


pe 


are 


n 
O 


iS) 


total absorption cross-section taney 


Loschmidt's number [2.7 x 10.7 Be 


Since the photon counter output is proportional to the 


integrated intensity, then Equation 3-75 must be integ- 


rated with respect to time and since only I and I, are 


functions of 


po 


tc 


i 


ime, the results can be written as: 
Ne exp (-1x) BES) 
tq 
if IE Gel ols 3-79 
O 
ia 
={f Te e)idt 6200 
O 
= spark duration time [sec] (usually a 
few us) 


is the total number of photons, at wavelength 
\, aneident on the scintillator surface with 
the test cell evacuated. Alternatively, 

Ss can be thought of as the total number of 
PHOtOnS, tncldent, on wehe test ccell: 

is the total number of photons, at wavelength 


AX, incident on the scintillator surface after 


Suffering absorption wn the test cell gas. 


a ero 


i 2 A 4 
. 7 _ 
is Lvaes ft es pale yd ve ale Ty a a aa 


: . eet the ae ~~ obits pee vont 7 =v 
: “e a of, ti | hee : 
; 7 i), , wa = ae 7 
i : 1% “> : “u 
{ PLP j 
Vy 
: ei 


Ade aelewew ae 
, 


76 


Equations 3-76, 3-77 and 3-78 can be combined to yield: 


It only remains to determine a brelatvonship .on 
the photoionization cross-section. In order to determine this, 


one must measure the photoionization efficiency, or the number C 
electron ion pairs created per photon absorbed. This 
number multiplied by the total absorption cross-section 


yields the photoionization cross-section [42] 


on =. €¢ O, 8=62 
Caos photoionization efficiency (dimensionless) 
Oana photoionization cross-section here 


The number of electron-ion pairs can be easily 
determined from the charge collector signal. This can be 
represented by Doo" The total number of photons is simply 
the difference, N a nS Consequently one may write the 


po 
photoionization efficiency as: 


Equations3-81, 3-82, and 3-83 combine to yield a relation- 


ship for the photoionization cross-section. 
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Determination of photoabsorption and photo- 
ionization cross-sections with Equations 3-81 and 3-84 
requires an intense and stable source over the wavelengths 
of interest. A high voltage condensed spark discharge in 
atmospheric pressure N, was found to be suitable. An in- 
tense line spectrum from about 3000 A down toma least 
1000 A was observed. The "pin spark plug" in Figure 
3-3(b) results in a spark that can be accurately aligned 
with the entrance slit. This results in a constant in- 


tensity from spark to spark. 


Furthermore photoabsorption by co, limited the 


i? 


useful part of the spectrum to wavelengthsabove A = 1150 A. 


° 
LiF with a short wavelength cut-off of »4 = 1050 A could 
be conveniently used to isolate the test cell from the 


monochromator and spark source [37,38,43]. 
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Chapter 4 
Detailed Description of Photon Counter and 


Charge Collector Electronics 


Working circuit diagrams as well as block 
diagrams of the specialized electronics, developed for 
the photon counter and charge collector assembly 
illustrated in Figure 3-2, have been included in this 
Chapter. These appear in Figures 4-1 throughout to 
Figure 4-7. All component values and solid-state device 
numbers have been included in Table 4-1 so that duplication, 
lf desired, may be facilitated. 

As a Starting point the photon intensity and 
resulting charge density were estimated as discussed in 
Chapter 3. However, these estimates ranged over as much 
as) 2 orders sof magnitude. ~Consequenciy, prelaminatry. 
circuits were constructed to sample the signals and to 
provide more detailed information regarding their nature. 
Although the basic requirements imposed on the electronics 
and illustrated in the block diagrams remained unchanged 
throughout the design and construction of the circuits, 
the nsesacers, Sores clon developed as the basic 
physical processes giving rise to the input Signal were 
elucidated. This experimental technique helped provide 
criteria from which the necessary amplifier gains, rise 


times, sampling intervals, and integrating intervals 


7 / [@) 


- 7 
; 
- 
en a 
i i bek 
yi 4 
%) 
’ Aa é 
LA hi 
7 
i> 
4 
+ | 
és < f 
Stiiyw r 
7 Hiv > | eo 
— - - 7 
a2¢i" i, eal 
a 7 


| wlwerares net 


> = 


e 
'. So 
- 
7 


7 
Pu ’ y 
ny ; 
PquDS. We 
645A 
ay i : ; ae : 
tb’ — — oe Acai 5 
om = 
te -\ ee ca i a2 t ‘pik a T 
7 a 7 
ere er bina Twa) 2UuNno 
ne) cen er ‘an uw 
7 : .o a ri 
7 be bi vhs sean, e20kT 
; 2 ela , ‘ eno" (ite ? 
‘ t A 
ra ee : oe | uj le che 
i J 9 
' - . 
; ( 
biehs Jraue oy raw 
bpd 
: £ ‘/ 
’ =e) { Tr ¢ 
j ee... 
t 1 ] ' ) 
- hel ur) a Ba 
re’ 
4 (aa; 
Fes s>gegyt 
fhe oe 


7 1013 , rail 


sip ya 2 , 


could be established. Furthermore, difficulty was en- 
countered by the high voltage and high current Spark dis- 
charge, which generated high frequency electrical noise. 
Subtle features have been incorporated into the design 

in order to suppress the effect of external noise. Even- 
tually thePcircuits illustrated in Figures 4-2, 4-4, and 
4-5 were developed. These proved to be reliable and to 
possess the required features to provide data over a 
broad dynamic range (Chapter 7). The more important 
features have been discussed in the following sections 
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PIN CONNECTIONS FOR 
MONO STABLE FLIP-FLOPS 
(VIEWING FROM THE TOP) 


TRIGGERS ON TRIGGERS ON 

LEADING EDGE TRAILING EDGE 

OF A POSITIVE OF A POSITIVE 
PULSE 


FIGURE 4-6 MONOSTABLE FLIP-FLOPS 
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PIN CONNECTIONS FOR 
ANALOG SWITCHES 
(VIEWING FROM THE TOP) 


CONTROL SIGNAL 
Y INPUT 


YU CONTROL SIGNAL 
INPUT 


Figure 4-/ ANALOG SWITCHES 
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4-1 Photon Counter 


The’ processes giving rise to current at the 
output of the photomultiplier tube in Figure 4-2 has been 
discussed in Section 6-2-6. The output current is trans- 
formed to a voltage signal and amplified by the device 
employing Ona: Cag is a large capacitor which blocks the 
photomultiplier dark current, but which provides a low 
impedance path for the transient signal. The signal 
duration may be a few microseconds. The first stage amp- 
lifier is a FET input device providing a high input 
impedance so as not to load the integrating capacitor. 

Q 


This device, also employed in Q and Qe had 


a5" @a6' 47" 
a rise time specification of less than 20 ns. The voltage 
GaineOrethe first Stages 23 -dbe\(x 14.2). Qas isa 
voltage follower which prevents loading of the preceeding 
Stage. “Additional. gain Of 19) db (x 99.2)) is provided: by 


Q and can be switched into the circuit by toggle switch 


46 


S3- From this point the time resolved photon signal 
can be displayed on a CRT. The overall rise time was 
measured to be 30 ns. This was sufficiently fast to ac- 
curately follow the photon signal. Examples appear in 
Figures 6-15. 

The signal was then integrated by the circuitry 
employing Quis: Cas is a large blocking capacitor preventing 


d-c. drift from the preceeding stages from being integrated. 
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Low frequency amplifier noise was suppressed by placing 


a resistor ( Jaina paratlel with. c to decrease the 


Resa 46 
low frequency gain (not illustrated in Figure 4-2). A 
large value was used so as to maintain the integrator 
output long enough to be sampled (100 us). The device 
was tested by supplying a square pulse at the input of 
the integrator. The output value was monitored for 
input pulses of various durations, ‘The input/output re- 
lationship was observed to be linear for input pulses 
ranging from 50 ns to 100 us in width. This adequately 
covered the required range as illustrated by the signals 
in Figure 6-15. 

The network involving Q,9 is insensitive to 


fast signals (large Cag?) but is sensitive to integrator 


drift and provides negative feedback to limit it. 


The appearance of a signal at the output of the 
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integrator synchronizes the sampling network by activating 


57° Cay reduces the low frequency gain of the device 


so that false triggering on low frequency noise does not 


Q 


SeccuL-s . ihe times;sequencing Is subsequently controlled 


by the monostable flip-flops Qear Qegs and Qeo: The pin 


connections for these are shown in Figure 4-6. The tran- 


SaStoricarcuitry inverts the signals... \This is required by 


the n-channel MOSFETs. At 30 us after the leading edge 


of the integrated signal appears the gate controlled by 


Q59 


is opened and it remains open for 70 us, at which time 
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it is closed. During this time the gate controlled by 


264 


has charged to the integrator voltage.The capacitor re- 


has remained closed and the sampling capacitor Ce 
mains charged for 0.5 seconds during which time the x-y 
recorder fully responds, generating a bar. Qey is a high 
input impedance, unity gain, FET operational amplifier 


used to prevent loading of C 1S a unity gain 


50° 952 
operational amplifier with low output impedance to drive 
the x-y recorder (input impedance = 107 ohms) . Rog has 
been provided for short circuit protection: 

At 0.5 seconds the gate controlled by 4 is 
opened momentarily and the sampling capacitor Cog 1S dis— 


charged. A resistor ( ) has been placed in the dis- 


R115 
charge path to prevent current surges. Also during this 
time the integrator voltage has returned to zero. Leakage 
contributes to the discharge but the resistor in parallel 
with CAG is primarily responsible. The discharge resulted 
in less than 10% signal loss at the end of the sampling 
time (100 us). The timing allowed signals to be processed 
at spark discharge rates of 1 Hz. 

The circuit was very reliable except for the 
MOSFET gating devices which failed periodically. These 
were subsequently replaced by analog switches. Devices of 
this type had proved to be very reliable when employed in 


the charge collector gating network. Pin connections have 


been shown in Figure 4-7. 
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Relative to the charge collector circuitry this 
device was not so susceptible to external electrical noise 
generated by the spark discharge. The spark current dis- 
Charge was fast and generated primarily high frequency 
noise. This was effectively averaged to approximately 
zero by the integrator during the 100 us before sampling 
was COMNpleted. Print Circuit board fabracation of ali 
electronic circuitry using one side of the board as a 
common ground plane and placing the entire assembly inside 
a ferromagnetic module resulted in a good signal to noise 
ratio. In addition it was found necessary to power the 
electronics by a rechargable battery pack, also placed 
inside the module. The bias voltage for the photomultiplier 
tube ee derived from an external power supply, however, 
The supply was placed in a ferromagnetic box and a double 
coaxially shielded lead was used to deliver the bias 
voltage to the photomultiplier tube. High frequency 
isolation from the 60 Hz - 110 volt service was provided 
by an isolation transformer. These techniques resulted 
in essentially eliminating the effect of external noise. 
The sensitivity of the device was subsequently traced to 
optical noise but amplifier noise has been measured and 
observed to be only a factor of 2 or 3 less than the 
optical noise. 

In the event that there is not a sufficiently 


large signal to activate Qe the, circuitry wall not be 
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reset on every spark and the output will drift until such 
time that a signal is sufficiently strong to activate 

the timing network. This drift is evident in Figure 6-22 
for example. The sensitivity of Qn was adjusted so that 
amplifier noise output for maximum gain settings was not 


quite sufficient to generate a time sequencing signal. 
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4-2 Charge Collector 


The -eharge collector is illustrated in Figures 4-3, 


4-4 and 4-5. The collector plate bias voltage, B shown 


Te” 
in Figure 4-4 is composed of a number of batteries of 
different sizes. The voltage can be applied to the col- 
lector plates in approximately 10 voltsteps by the use 


of rotary switches (not shown). R, is used only to reduce 


il 
short circuit current (in the event of gaseous breakdown) 
and has been kept small enough so as to provide a time 
constant less than a few microseconds so that the charge 
collection process will not be affected. 

A simplified integrating technique has been em- 
ployed with the sacrifice of temporal resolution. The 
charge is swept out of the volume between the collector 
plates and effectively stored in Ci: Cy is the parasitic 
capacitance of the front end of the device (includes co- 
axial cable lead). Since this parameter had to be kept 
small for good sensitivity the front end had to be 
located within the test cell. Bias voltage, power supply 
voltage, a common ground lead, and the output signal were 
delivered through a vacuum tight covarto glass seal with 
covar leads sealed in the glass. 

The voltage appearing on Cy is then amplified 
by 40 db (x 100) with a FET-input operational amplifier 
(Q))- R is provided to bias Q, and to discharge Cy ah 


time to process the next signal (one second later). A 
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large (10? ohms), low noise resistor was obtained for 

this application. However, amplifier noise was still the 
limiting factor for this device, being equivalent to about 
20 uv at the input (includes filtering discussed later). 
The noise could be reduced by 20 db (x 10) by replacing 


R., with a J-FET (MPF102) connected with the gate to 


Z 
ground, the source open,and the drain to the noninverting 
impute of Q,: However, this only worked well for small 
Signals since the effective resistance of the device 
diminishes with applied voltage. At a few millivolts the 
current drain is increased to such an extent that it 
markedly reduces the voltage of Ci before it can be 
sampled. 

In addition to the amplifier noise problem the 
circuit was found to be extremely sensitive to low 
frequency mechanical vibration such as building vibration 
or the human voice. This was attributed to vibration of 
the collector plates. Such vibration would change the 
collector plate spacing ‘and “hence the collector plate 
capacitance. The ensuing redistribution of charge, to 
Maintain constant bias voltage would result in charging 


C, to some voltage. This would appear as noise. Any 


ik 
signal due to vhotoionization would be added to the slowly 
varying noise. 

The low frequency gain of Q, was reduced by 
C4 and this resulted in limited reduction of low frequency 


noise. The problem was further reduced by providing a 
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highepasssunity gain active filter (O.)jea. Thee3s-db point 


3 
was at about 600 Hz with a low frequency roll-off of 40 db 
per decade. 

In addition to filtering, the effects of low 
frequency noise were futher reduced by mounting the entire 
monochromator assembly on vibration absorbing rubber pads. 
Furthermore, the ferromagnetic modules and cases housing 
the electronics had to be mounted to the exit slit with 
nylon stud bolts. The vacuum seal was made with an over-sized 
O-ring. The thick o-ring reduced the transfer of vib- 
babionestrom the, monochromator tothe test cell.) Also, 
this served the dual purpose of electrically isolating the 
electronic recording device from all other components. 

A unity gain low-pass active filter was also 
employed to suppress high frequency noise (Q,)- The 
falter hasva 3-dbypoint “at about, 25 KHz with, a high 
frequency roll-off of 40 db per decade. 

The high and low-pass filters comprized a 
Butterworth band-pass filter. A Butterworth filter 
produces a maximally flat response. The measured res- 
ponsevEImMe to. a step input, was aboutez5 us (90%). athe 
response remained approximately flat (well within 10%) 
for an additional 75 us after which time it degenerated 
into a ring exhibiting many higher order effects. 

Electric field to gas pressure ratios could be 
adjusted so that all charge (electrons at least) could 


be collected well within the 100 us limit imposed by the 
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filterresponse. The resulting signal was sampled in the 
flat filter response region. For large signals filtering 
was unnecessary and the filter was connected so that it 
could be by-passed with a toggle switch (not shown). 
This provided somewhat better time resolution. 

Additional amplification could be provided by 
thencircuit employing Q,- For S5 in the position shown 
three different voltage gains could be selected by switch 


S Dheset were db (sles 0) db x 32) 7 rand) 40udb 


L° 
Cxmet0'0)) 2 QO. is a voltage follower used to provide suf- 
tecient, current) to ‘Charge the sampling capacitor Co- 

The time sequencing is provided by the reset 
network. The upper "switch" of Q¢ is closed at about 
7 us after the spark discharge begins. The time synch- 
ronizing signal is derived from high frequency noise 
generated by the spark discharge. This has been discussed 
later. The sampling time (the time that the upper switch 
remains closed) has been made adjustable from 7 us to 
about 1 ms by replacing R,3 with a potentiometer. 7 us 
is the minimum toggle time of the monostable flip-flops 
employed (Q15 etc.) 2 During this times the) lower “swatch” 
Of % has remained open. However, at 0.5 seconds this 
switch is momentarily closed and Cy is discharged to 


ground through R At this stage the device is ready 


14° 


to process another signal. The front end capacitance will 


have discharged through R, by this time. 
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Consequently, a 0.5 second pulse appears 


at the output of the voltage follower, Q The height of 


7° 
this pulse is directly proportional to the amount of 
charge collected. 

Unfortunately, the output signal cannot be used 
to drive the x-y recorder directly. Any external leads 
connected to the output, pick up external electrical noise 
and this is fed back to the inputs of the various opera- 
tional amplifiers. Consequently, an optical transmitter- 
receiver system was constructed to deliver the signal to 
the x-y recorder. The transmitter is illustrated in 
Figure 4-4 and the receiver appears in Figure 4-5. Fiber 
optics has been used to deliver the optical signal. In 
order to obtain good linearity over a number of decades 
the output pulse had to be amplitude modulated. 

The transmitter consists of a square wave local 
oscillator operating at about 30 kHz, an operational 
amplifier modulator, and a power amplifier section. These 
are illustrated in Figure 4-4. The operational amplifier 
modulator is switched between the inverting and non- 
inverting modes by the 30 kHz L.O. This results in amp- 
litude modulation of any low frequency applied signal 
(suppressed carrier modulation). The output section 
consists of a fast operational amplifier with 20 db (x 10) 
of gain followed by a power stage. The output section 
drives a LED (light emitting diode) placed in the feed- 


back path of the power output stage to provide linearity. 
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This modulated signal is delivered to the reciever by 
fiber optics. The receiver and demodulator appear in 
Figure 4-5. 

The optical signal is transformed to an elec- 
trical signal by a phototransistor (Q5.5)- A fast, high- 
gain amplifier (40 db) provides sufficient amplification 
so that the signal may be conveniently demodulated. The 
demodulator consists of a perfect rectifier circuit 


(Q,,). "Perfect" is used to describe this type of circuit 


27 
because the gain of the operational amplifier is used to 
reduce the nonlinearity of the rectifying diodes. The 
resulting 1/2 wave rectification of the signal is filtered 
by the low pass filter circuit composed of oe: and Reo: 
The demodulated signal is then sampled by the analog 


switch (236) and the sampling capacitor C The upper 


eS) 
"switch" is closed at about 0.2 seconds and remains closed 
for a sampling time of about 100 us. The lower "switch" 
remains open for about 0.8 seconds during which time the 
x-y recorder fully responds. After this time the lower 
"Switch" is momentarily closed to discharge the sampling 
capacitor and reset the receiver. The circuit operates 
at a maximum repetition rate of 1 Hz.In response to this, 
the x-y recorder generated a bar graph type of display. 

A time sychronizing Signal is produced by the 
reset Signal generator in Figure 4-5. Q35 generates a 


large output voltage in response to noise picked up by 


the antenna. C34 limits the low frequency gain and C36 
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limits the very high frequency gain. This results in 
sensitizing the device only to the bandwidth of noise 
generated by the spark discharge. The monostable flip- 

1m eye) (Q34) generates a clean pulse when the output of 

Q35 reaches sufficient amplitude to toggle Q34° All sub- 
sequent time sequencing is derived from the leading edge 
of this pulse. 

The pulse switches transistor Q35 on, and the 
LED is driven for the duration of the pulse. The LED 
feeds split fiber optics. Branch "A" activates the reset 
network controlling the integrator, high gain amplifier 
section, and the sampling gate in Figure 4-4. The second 
branch simultaneously activates the reset network con- 
trolling the receiver in Figure 4-5. The monostable 
flip-flops provide proper signal polarity and timing in- 
tervals. Pin connections for the monostable flip-flops 
and for the analog switches are illustrated in Figures 
4-6 and 4-7 respectively. Bias resistors to the bases 
of the phototransistors Q, in Figure 4-4 and Q35 17 
Figure 4-5 have not been shown. These are Ri 6b and 
Reon in Table 4-1 respectively. 

Good linearity of the transmitter-receiver com- 
bination was experimentally verified. A gain of -12 db 
(x 0.25) was also determined experimentally. 

As withthe photon counter ,the device was still 


susceptible to noise generated by the spark discharge. 
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However, adequate suppression was obtained by the shielding 
techniques employed. All circuits were fabricated on 

print circuit boards and one side was used as a common 
ground plane. In addition,each board was grounded to a 
common point. Ferromagnetic shielding cases were used to 
house all electronics. Furthermore a double ferromagnetic 
shield was placed around the spark source with only narrow 
slits used to allow illumination of the grating. Double 
ferromagnetic shielding was also provided for the dis- 
charge circuitry. Wide strips were used to ground all of 
these components to a common point. in addition to 
shielding, all power was derived from rechargeable batteries 
also placed within the shielding cases. The only ex- 
ception was the reset signal generator. These techniques 
resulted in reducing noise pick-up to below the level of the 
amplifier noise. It has been previously pointed out that 
this was the limiting factor. 

The sensitivity and dynamic range of the device 
has been discussed in Chapters 6 and 7 where a calibration 
procedure has also been dealt with. This device was 
found to be more sensitive than the photon counter. Photo- 
ionization could be detected even when the photon inten- 


Sity was too weak to register on the photon counter. 
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Key to Components in Figures 4-2, 4-3, and 4-4 


Component Value of 
Subseripe (2) R. (ohms ) 
i 33k-470k 
2 1000M 

3 100 

4 10k 

5 22k 

6 DAUM 

i 15k 

8 HS Ok 

9 10k 

10 1k 

le 500 

12 110 

13 330 
14 10k 

15 1k 

16 1k 

16, 220k 

lk 100k 

18 220k 

19 100 
20 10k 
ou 10k 
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CHAPTER 5 


Microwave Interferometer Phase Shift Measurements 


Various plasma diagnostic results obtained with 
the microwave interferometer are presented and analysed 
in this chapter. These include, electron density asa 
function of time, gas type, additive type, gas pressure 
and distance from the ultra-violet spark source. Data on 
some of the more salient parameters of the ultra-violet 
spark source is included. 

It has been assumed that the electron collision 
frequency and the plasma frequency are much less than the 
test frequency, to facilitate extraction of the electron 
density from the original phase shift measurements. The 


validity of this assumption will be discussed. 
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5-1. The Ionization Chamber 


Figure 5-1 shows the salient features of the 
ionization chamber and the gas handling plant. The ioni- 
zation chamber consisted of a pyrex cylinder 15 cm in 
diameter and 40 cm long. Fitted to this were aluminium 
end plates. Buna N O-rings were used to make the vacuum 
seals. The ultra-violet spark source was mounted in the 
center of one end plate. A 1/4 inch brass bellows valve 
was secured in the same end plate to be used as a filling 
port. In addition, a separate valve and line were in- 
stalled to purge the spark source. This is discussed more 
fully in 5-2. A 3/4 inch brass bellows valve was mounted 
in the remaining end plate’ to be used as a pumping port. 

To prevent oil vapor from migrating back into 
the ionization chamber, a cold trap was placed between the 
pumping port and the mechanical rotary pump. The cold 
trap was made simply by forming the pumping line in the 
shape of a U and submerging it in a container filled with 
liquid nitrogen. The test gas was delivered from three high 
pressure cylinders equipped with flow meters, so that the 
9! He, and N, could be independently controlled. 


The gas was then passed through a sealed canister filled 


flow of CO 


with copper "pot scrapers" to assure uniform mixing. This 
was later found to be unnecessary, and was removed in the 
interest of simplifying the apparatus. From this point, 
the gas could be channelled to the ionization chamber by 


one of the following three alternative routes: 
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(1) The gas could flow directly to the ionization 
chamber. 
(2) The gas could pass through a cold trap consisting 
of 50 feet of 1/4 inch O.D. copper tubing, coiled 
and submerged in a coolant such as liguid nitrogen 
(7/°K) ‘or dry ace in acetone (195°K) [811]. 
(3) Any portion of the total gas could be metered through 
a bubble chamber. This device was used to seed the 
gas with vapor from substances that assumed the liquid 
SS ict easier we 
The pressure inside the ionization chamber was 
monitored at the pump-out end plate, by supplying an 
additional 1/4 inch brass bellows valve. Any type of 
gauge could be Sonneereay However, except for leak 
testing, two absolute pressure gauges were used. These 
covered the ranges 0.1torr to 800torr and 0.1 torr to 20 
COLES 
To achieve good vacuum integrity, it was neces- 
Sary to use copper tubing and good quality valves. All 
connections were made with buna N O-rings, swadge-lok 
fittings, or; by solider. 
Upon completing the fabrication of the apparatus, 
and making the necessary adjustments to correct leaks, 
the total leak rate could not be detected with a He leak 
detector. 
However, an ionization gauge calibrated for air, 
indicated that the chamber pressure increased at app- 


roximately 5 to 10 microns per hour, after being evacuated 
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and isolated with appropriate values. The chamber and 
associated apparatus were not baked, so this may have 


been largely a virtual leak due to degassing. 
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TO 
5-2. The Source 


A condensed spark discharge has been used as 
the source of ultra-violet light throughout the entire 
project. Unless otherwise stated a 0.1 uf capacitor was 
charged to 40 kv, The discharge was triggered by a 
pressurized spark gap at approximately 1 Hz. The energy 
was delivered to a single spark plug of coaxial geometry. 
The circuit was designed to keep the inductance to a 
minimum. However, the discharge current exhibited a ring 
which lasted about 8 us with a period of approximately 
1.5 Us as shown in Figure 5-2. This translates to a 
total Circurceimaulctancesor Oo en. sbewis Iakely that 
most of the inductance was associated with the spark gap 
Since short, wide leads were used, and the series equi- 
valent inductance of the capacitor was less than 20 nh. 

The source housing was designed to accommodate 
a 2 inch diameter vacuum window, thus providing a means of 
isolating the source from the chamber. Different window 
materials provided limited photon wavelength resolution. 
Unfortunately, the window would become clouded after only 
a few pulses. In addition, minature projectiles from the 
Spark source pitted the surface of the window. This had 
the effect of seriously degrading the transmission 
characteristics of the window. Consequently, only limited 
information could be obtained with the use of windows, 
and they were not used for the majority of the tests per- 
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source emission spectrum could not be depended upon, as 

gas type and pressure were varied in the ionization chamber. 
Therefore, to reduce this effect, the source housing was 
designed so that the source could be purged (or covered) 
with any desired gas, thus maintaining a more or less con- 


stant environment in the vicinity of the spark, 
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See ole The Signal 


The technique employed to extract the phase 
shift information from a given signal has been previously 
discussed and will not be repeated here. 

Figure 5-3(a) shows a typical signal revealing 
the temporal imbalance of the bridge as displayed on the 
CRT. The signals obtained from all gas mixtures assumed 
the same general shape; the only differences occurring 
in the magnitude and rate of decay. 

Figure 5-3(a) shows the inability of the 
receiver to follow the rate of generation of the photo- 
ionization. However, the response time was more than 
sufficient to follow the decay of the plasma. 

Figure 5-3(b) shows the bridge having been 
balanced at a particular point in time. The amount of 
phase shift and attenuation suffered by the radio signal 
in traversing the plasma is that amount required to null 
the bridges in addition, thembridge can be nuliled at any 
point in time, thus yielding information regarding the 


time decay of the plasma. 
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FiGurReE 5-3 TYPICAL MICROWAVE INTERFEROMETER SIGNALS 
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59-4. Theory Relevant to the Analysis of Plasma Decay Data 


Plasma decay proceeds by way of three mechanisms 
ave 

(lL) «<Ditfusion 

(2) Attachment 

(3) Recombination 
If more than one of these mechanisms are operating simul- 
taneously, the kinetic equation modeling the decay can 
be very complicated. In most cases, the equations are 
sufficiently complex, that no analytic solution can be 
obtained. In these cases a numerical solution may be 
found [41] or, appropriate simplifying assumptions made 
so as to obtain an analytic solution. The latter approach 
has been taken in this work and has been presented where 
it has been required for analysis of data. However, to 
extablish a basis on which to work, a brief mathematical 
formulation of each independent process has been included. 
A more rigorous treatment is available in the literature 


(A 47 (49749750, 04 poe. 


jt FSS ae ee 


—~[OMrR Pete Se St 


sliadiascantitie = ni ae - 7 
oi yunt ere ‘ies eie i “and pet mene 
ebam arous eae mt pes Va Lig ie oe ecitaess aie i: oA bj vali, 
inanegue seaddel 6adT jbiash ajeuganh an ad 
ee Keie4eemy seat eed hee 2ece nih OF a 
4346p FO ans 
-oamiittan TOL aye =} ane i dns oc we 
shiitagd aced aaa ne ait nahicioeel etl, Azee 4 
etoifi sp Pact: ns eh tape ane tpatHe 

. ; vyee 


116 


pata DLL rus lon 


The time dependent diffusion equation is given 


by the equation 


aN _ 
N = electron density distribution function. 
D = coefficient of diffusion lom- seen da 


Equation 5-1 is a general relationship and 
describes the diffusion of particles of any type 1 through 
particles of any type 2. 

If one assumes that the number density at any 
point will decrease exponentially with time, then the 
time independent diffusion equation is obtained: 


N 


(Ag ee ee ee 5-2 
Oo DUA 
where N(r,o0,z,t) = No (e871 2)exp(—-t/t5 5) ine cy ane rical 
co-ordinates. 
wae = time constant (the notation will be 
defined later) [sec] 


There is no dependence on the azimuth angle, 6, and further 


simplification by separation of variables leads to: 


2 2 
L _— + L = + z = + — = 0 5-3 
R \ar as dz ij 
where N(r,t) = R(r)Z(z). 


Since the first two terms in Equation 5-3 are 


related only by a constant, then each of them must equal 
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The solution to Equation 5-4 is the Bessel 
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ee 70cm (radius of “thesionization chamber) 

Ss. = successive zeros of the Bessel function 
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Note that Equation 5-7 goes to zero at the wall (r = r_) 
as required. 


The solution to Equation 5-5 is the cosine 
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Fancervon. 
ss (25-1) 
z, = Asse) a3 
Cz) o oe cos 7 TZ 5-9 
j=l 
23-1 ; 


H = 40 cm (length of the ionization chamber). 


Note that Equation 5-9 also goes to zero at the wall 
(zg = TH/2) as required. Since N(r,z,t) = R(r)42(z) exp 
Sa) then Equation 5-7 and 5-9 yield the total solu- 


uO 


i=l j Oo 

5-11 
Gis = constant for each mode 
Tis = time constants for each mode 


Inethiseparteicularm appLicawlonez, lsreconstanc, 
and the electrondensity is averaged over r. Consequently, 
an average coefficient, ee can be defined for each mode 
of diffusion. Also, since the diffusing particles under 


consideration are electrons then, N(r,z,t) > n_(t) where 


eC 


n_(t) is the average electron density dependent only on 
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From quations 5-6, 5-8, and 5-10 one obtains the relation- 


Ship: 


S. | 

ee 2 eS + [2954] Se 
DG re H 

ity 


tee aly 23 Sth os 


O 


Se ear eoupe aets 


Ci. 
| 


For constant 2 Equation 5-13 shows that Mae 
decreases, for ever increasing mode numbers, ij. Even- 
tually, (Li «diffusion 2s) the decay controlling process) 
all higher order modes will decay out leaving only the 
fundamental mode, At this stage a semilog plot of 
electron density against.time will yield a straight line. 


T), Can then be derived from the plot. 
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5-4-2. Attachment 


Electronegative gases may capture electrons 

to form ions by a number of processes. The prime require- 

ment of any one process is that it must be able to account 

for the difference in total energy after the capture of 

an electron. Some of the possible processes are: 

(1) Radiative attachment - excess energy is radiatively 
dissipated in the form of a photon. 

(2) Excitation attachment- excess energy is absorbed by 
an electronic or molecular transition, to be de- 
excited by a collision process later. 

(3) Dissociative attachment - the excess energy is used 
to dissociate the molecule. Additional energy will 
go into kinetic energy of the fragments. Any number 
of the fragments may be in an excited state, 

(4) Three-body attachment - the excess energy is carried 
away by a third body. 

Regardless of the particular process involved, 
an attachment controlled plasma decay (no ionizing 


sources) can be described by the following relationship: 


dn. 

w= "Yale 5-14 
n, = electron density [om 7] 

Vv, = attachment frequency eee 


The attachment frequency depends on the nature of the 


attachment process. This is taken into account when the 
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data is analysed. 


The solution is straight forward and is given by: 


n (t) Sen, exp (-v_t) 5-15 


If the plasma decay is attachment controlled 
then a semilog plot of electron density against time will 


yield a straight line. 
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5-4-3. Recombination 


Electron-ion recombination is a very complex 
subject with many possible mechanisms [41,47]. As in 

the case of electron attachment, the prime requirement 

of any recombination mechanism, is that it must be able 

to accommodate a change of total energy upon recombination. 

Such mechanisms include: 

(1) Radiative recombination - excess energy is lost in 
the form of a photon. 

(2) Dielectronic recombination - the electron may be 
captured into an excited state with a second electron 
jumping to another excited state to absorb the excess 
energy. The particle is energetically unstable, and 
is subject to autoionization (liberation of one elec- 
tron and relaxation of the other). However, if the 
doubly excited particle stabilizes by making a 
radiative transition to some lower energy state, then 
dielectronic recombination has taken place. 

(3) Dissociative recombination - the positive ion is 
dissociated into fragments upon collision with the 
electron and excess energy iS carried away in the 
form of kinetic energy. One or both of the fragments 
may be in an excited state. 

(4) Three-body recombination - excess energy is carried 
away in the form of kinetic energy of the third body. 

Regardless of the exact nature of the recom- 


bination, a recombination coefficient for a two component, 
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Singly ionized, system can be defined as follows: 

A recombination coefficient is defined as the 
number of recombination events per unit volume and unit 
time, R, divided by the product of the number densities 


of the charge carriers [41]. 


R= nn 5-16 
a@ = recombination coefficient (positive) 
3 -1 
[cm> sec ~ ] 
+ wae / 
mW = number ‘density of the positive species 
[om 7] 
n = number density of the negative species 
[com>] 


Provided diffusion and attachment can be neglected, and 
the ionization source is passive, the recombination rate 


equals the loss rate of each of the carriers. 


—- = — = -an n 5-17 


ate at 
: + - ; ‘ 
FOr the simple case where n= ny — ne the solution 1s: 
t= + at 5-18 
e eo 
No = initial electron density [om >] 


For the cases where the plasma decay is re- 
combination controlled, then a plot of reciprocal electron 
density against time will yield a straight line with 


slope a, and y intercept 1/noo: 
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B= 5), Plasma Decay Results 


Temporal characteristics of the plasma decay 
for the independent laser gases, and for laser mixtures have 
been plotted. Some gases likely to be present as an im- 
purity in a typical laser device are also included. 

Many of the following figures clearly indicate 
that the decay processes are nonsimple., It is apparent 
that in all cases; the decay is a’ strong function of such 
things as gas species, gas mixture, additive, and total 
pressure. More subtle features also have a profound effect 
on the observed decay rate and they tend to obscure the 
true nature of the decay mechanism. Such features in- 
clude the initial electron Spatial dsstribution, the initial 
eléctron energy distribution, the nature of the resulting 
ions, and the geometry of the ionization chamber. An ex- 
tended investigation would be required to determine these 
BACCOLS precisely, and to facilitate identriication of. the 
decay mechanism. This was beyond the scope of the project, 
however. 

It should be emphasized that the ionization 
chamber and the source were designed so as to simulate 
photoionization conditions in a typical laser device. 

No effort was made to ensure isolation of a particular 
decay process. Consequently, any combination of diffusion, 
attachment and recombination could be operating simul- 


taneously. Nevertheless, some insight can be gained by 
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considering each process individually and by considering 
combination processes under special conditions. Reasonable 
explanations can be given to account for the observed 


decay in most cases. 
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5-5-1. Helium and Nitrogen 


Figure 5-4 and Figure 5-5 show the electron 
decay in He at high pressures (* above 10 torr). 

It was found that the best straight line fit 
to the data was obtained when reciprocal electron density 
was plotted against time. The values of a range from 
Tome CO teh © cm? sec! and are consistent with those ex- 
pected for a dissociative recombination process [41]. 

Figure 5-8 and Figure 5-9 indicate that a similar 
condition develops in N,- Unfortunately, the recombination 
coefficient is a function of many parameters, including 
pressure, electron energy, ion species, electron-ion 
density and initial electron-ion distribution [41]. 

At the test pressures, the electrons were likely 
to have reached ambient temperature at times short com- 
pared to the time of measurement - particularly since no 
E-field was applied. However, all the other parameters 
would have had an effect - the extent of which is unknown. 
This could very easily account for departure from linearity 
in the early decay. To obtain a better understanding of 
the exact nature of the recombination, a detailed inves- 
tigation of the parameters would have to be carried out. 

At lower pressures (= below 10 torr) a different 
mechanism seems to be responsible for electron decay in He 
and N,.Up to 1 ms, the signal in the reference arm of the 
bridge had to be strongly attenuated to bring about a null 
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reading, indicating a plasma density above cut-off 
avis ene ia However, the plasma was long lived and the 
decay was followed for a number of milliseconds. 

Figure 5-6 and Figure 5-10 are plots of 
reciprocal density against time for He and N, respectively. 
Initially, the decay can be assigned a recombination 
coefficient of about roe: cm>sec -, but the linearity 
ceases for the later decay. However, the data plot as 
straight lines on a semilog scale as shown in Figure 5-7 
and Figure 5-11. This is particularly true for the lowest 
pressures. The straight line relationship indicates that 
recombination in the early decay has given way to a 
process involving diffusion and/or attachment in the later 
decay. However, attachment is unlikely to play a sig- 
nificant role in He or Nor since no electronegative gas is 
present in sufficient quantities to account for the rapid 
decay. This leaves diffusion as the only candidate. 

Examination of the debye length appropriate to 
the plasma densities under consideration, reveals that 
ambipolar diffusion would dominate. For even the smallest 
densities obtained, the debye length is much less than 
any linear dimension of the ionization chamber. Con- 
sequently, as the electrons tend to diffuse, a space charge 
will develop and the electron diffusion will be limited by 
the mobility of the positive ion and the electron tenm- 
perature [41,47]. 


Assuming that the ion is a heavy molecular ion, 
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Figure 5-12 shows that a reasonable figure for the reduced 
mobility 1s 21 om? volt + sec + in He. The reduced mobility 
is the mobility reduced to standard conditions of 273°K and 


760 torr. The following relationship applies: 


oe K , Oe 5-19 
2LIBSP 
SES reduced mobility [em> volt Seer a] 
K = mobility under experimental conditions 
Lom? volt ees] 
T = gas temperature [°K] 
P = gas pressure [torr] 


The diffusion coefficient of the ion can be found by 


evoking the Einstein relationship: 


D = ERE RST: a= 20 
iO x LO 


S 
Il 


positive ion diffusion coefficient under 


experimental conditions [om*sec] 


In addition, for ambient temperature electrons, 
the coefficient of ambipolar diffusion is twice the coef- 


ficient of diffusion for the positive ion. 
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Da = coefficient of ambipolar diffusion under 


experimental conditions fom- see] 


Substitution of Equation 5-19 into Equation 5-21 results 
ute 


2. 60 ko 7? 
4 


Dhs PRIS O Xe LOG EE, 


FOr He with Ko = 921 wae aaj waysje and T = 300°K the 


coefficient of ambipolar diffusion becomes: 


907 2 i 


Da = cake GQl> jeCisie See 


For a similar ion in N, the reduced mobility 


2 
USmaDOUteZs.3 com? voltrseci. from Figure 5-13. Equation 

5-22 yields the following relationship for the coefficient 
OL aMmbipolar -ditrusion: in N,: 


= 


Real. 2 -l 
ap im wOueic sec 


The experimental time constants characteristic 
of the decay are tabulated in Table 5-1. These are 
determined from any two points (noyrt,) and (Nort) on 


the straight line characteristic and the formula: 
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T = experimental time constant [sec]. 

Equation 5-13 together with Equation 5-22 and 
5-23 yield all theoretical time constants for He and No 
respectively. The fundamental time constants have been cal- 
culated and tabulated in Table 5-1 for comparative purposes. 

The rate of decay increases with decreasing 
pressure as expected for a diffusion process. However, 
it is apparent from comparison of the time constant in 
Table 5-1 that fundamental mode diffusion has not developed 
for the higher pressure cases. The fundamental mode was 
approached in both He and No for the lowest pressure in 
each gas. Presumably, the decay is being increasingly 
affected by faster, higher mode diffusion with increasing 
pressure. 

The large time constants are a direct consequence 
of the size of the vessel employed. Diffusion parameters 
can be studied much more easily in small vessels. 

High order diffusion modes are expected to be 
excited because the initial electron spatial distribution 
cannot be expected to be a fundamental mode distribution. 
At best, it will be a recombination distribution, since the 
early decay was recombination controlled. As a general 
rule, higher modes are unlikely to be excited without 
simultaneously exciting the lower modes as well. This 
would be expected to show up as a deviation from the 
straight line characteristic. In fact the best straight 


line characteristics are obtained at the lowest pressures 


_ 
a" hire CS ne (aug Sse ‘6. 3 » 
i > if 
rf 


= 


7 _—- 
| f a = 1 > 
- 
= 3 zi 
= a § 3% os -> > 
= 


otedovond “Hii 2/72 BP +bOn aegte 12 an2 


¢@ 


v4) 


¢q al i 4516 atte 
dq Sect Bits - usigasegine lazery: S(2,, 
£25 
{ Byes) “ 
Ju ! ri ‘ 4a 


es 


fuse Bg) « anAsgaog 


5 rs, 
shigfretneh Avil aS2e53 | % oem Fo SIs 


7 
7 _ 


werd saanoiwg ote . 103 ree 
~ i apie - 
As Ya: = - a A jaa hooks « 11Q 2? ean 325 
: ; Po 
%, ap. . 
m ean play ay PHO be aeey shytuz As te ot 


3b newer, Bade ad Z i) co 310t 
= » eawt! aig 7o% ee had ys wie = et he sone 


te 
viva) eeemeat ponies (22 YSOSS 147 4 ani wrt 3 = 
suis tT 


—_ 
) 
S 


: Wa 1 3) mn erupt 


— 


senws guid optel aft 


wilotisgias® sion (neanere 


ae. 6: 4 
ernie MEsioGetiery toke anata vied <n 2 


« = 


iISi3b & Bh «teal lotse 


svortaw beiinks sd oF Yt 


ekn?. .ftawoas inte xswol 


34, 


Table 5-1 


Experimental Time Constants 


(a) P[torr] t[ms] T, [ms] 
6a GRe e) 61 
1.6 Lees 16 
Oe5 eos 5 

(b) [eee rete t{ms] T,, [ms] 
iO yall 80 
05 206 40 
0208 20 6.4 


These are obtained for He (a) and Ne, (b) from Figure 
5-7 and Figure 5-1l respectively. Tq denotes the cor- 
responding theoretical time constant for fundamental mode 


aLELusion. 
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in both He and N. where most high order modes would have 


2 
decayed out leaving primarily, the fundamental mode. If 
one were to follow the decay for a sufficiently long time, 
one would find that the fundamental mode of diffusion 


would eventually be obtained for all pressures. 
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Figure 5-4 PLasmaA DECAY IN HE 
pressure of He in torr. 
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FIGURE, 5-5 _ RECIPROCAL ELECTRON DENSITY VERSUS TIME FOR 

HEAT UHIGH PRESSURES The number for each curve corres- 
ponds to the pressure in torr. Appropriate recombination 
coefficients have been assigned and appear in the key. 
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Ficure 5-6 Reciprocal ELecTIon Density Versus TIME FOR HE AT Low 
PRESSURES The number for each curve corresponds to the 


pressure in torr. A recombination coefficient has been 
assigned to explain the initial decay. This data is the 
same as that for Figure 5-7. 


pote 
a ‘adn 


vs aa 
, 1. 
eo \ . 7 - 7 
i ot : 
a 
ay 
‘ > 
on 7 
a 


"2 aiitengs = stu 5 
gon Jnekoittes od make 


if 


A = 


DEM? Le 


Ct 


by 
és 


Pee 
nea ee 


a 
—— 
4 


_— 


Df 


a 
=> Sie 
cs -_ 


aime .xuecoh Jaga 
a 


Eg }baO0" 


eres 
of 


_ 


eG 


=4 


LECTRON DENSITY [em 


- 
ad 


P{torr] 
Oe5 
16 
Gel 


0 2 4 6 8 10 ee 14 


TIME [ms] 


Figure 5-7 ELvectron Density Versus Time For He at Low 
PRESSURES The numbers indicate pressure in torr. Time 
cCOlstants for the strarghnt lines pertion of the curve appear 
in the key. The data is the same as that for Figure 5-6. 
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Figure 5-9 _ RECIPROCAL ELECTRON, DENSITY VERSUS I IME FOR 
No AT HIGH PRESSURES Thewnumber -Lorkseachvecurve, corres— 


ponds to the pressure in torr. Appropriate recombination 
coefficients have been assigned to account for the early 
decay. These appear in the key. 
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FIGURE 5-10 RECIPROCAL ELECTRON DENSITY VERSUS TIME FOR 
No AT Low PRESSURES The number on each curve corresponds 
to the pressure in torr. A recombination coefficient has 
beenwassiqneds to .explarnsthe initial’ decay. This data is 
the same as that for Figure 5-1l. 
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BU Sune 5-11  Evectron Density VeERsus TIME FOR N5 AT Low 
RESSURES The numbers on the curves indicate the 


pressure in torr. Time constants appropriate for the 
straight line portion of each curve appear in the key. 
The data is the same as that for Figure 5-10. 
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Figure 5-12 REDUCED MOBILITY_IN HE , Ne, AND AR 
The reduced mobility has been plotted as a function 


of the mass of the positive ions. [41]. 
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FiGuRE 5-13 = REDUCED /‘iOBILITY IN N> The reduced 
mobility (KO) has been plotted as a function of positive 
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5-5-2. Carbon Dioxide and Carbon Monoxide 


The plasma decay processes operating in these 
gases are remarkably complicated as evidenced by Figure 
5-14 and Figure 5-17. It appears that all three decay 
processes are operating simultaneously. In addition, a 
growth in electron density succeeding an initial decay 
was observed for these gases. 

A similar effect was observed in air, in O>, 
and s17 H,- Although no concerted effort was made to 
obtain detailed information about the phenomena, the 
following are possible explanations: 

(1) An ionization shock wave excited by the source and 
travelling down the bore of the tube. 

(2) Diffusion of high density plasma in the vicinity of 
the source to the test region. 

(3) Collisional detachment from negative ions formed 
during the discharge and shortly thereafter when the 
electrons were sufficiently warm. 

The decay data for the gases plot approximately 
as straight lines on a semilog graph for regions removed 
from increaSing ionization. These appear in Figure 5-15 
Figure 5-16 and Figure 5-18, and since the decay rate in- 
creases with pressure, attachment is more likely to be 
occurring than diffusion. (An exception is the curve for 
3.8 torr of CO in Figure 5-18 where diffusion may be 
operating as in the cases of He and N,-) But, a ws 


generally accepted that co, and CO can form negative ions 
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OnlvyepyY aedassociative process [41953545 55,56], This 
requires that electron energies be a few electron volts. 
However, in this case consistent attachment cross sections 
can be assigned for co, and CO even though ambient tem- 
perature electrons are involved. For this analysis, 


Equation 5-14 must be adjusted to read: 


dn, a 
ace = aces es N oes 3=20 
where 
Us =—a- a N D=2/ 
a5 = attachment cross-section han] 
Vo = 1,2 5x 10/ average electron velocity 
[om sec’ 7] 
a) 
N = a P particle number density 
[om 7] 
& = Gass pPLessure [ torr | 


The solution to equation 5-27 is: 


= - 5-28 
ny Noo exp ( CEeve: Nt) 


De a electron density at t = 0 assuming that 
the attachment process dominated at that 


meee. Meee ey 


Values of gq, can be derived from Figures 5-15, 5-16 and 


5-18 by considering any two points (nay t,) and (n,5rt,) 
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and the relationship: 


ln No1/ 62 
z (t.-t.)V_N 
SH Oy 
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The values of qe thus obtained appear in Table 5-2. 
Table S=2 shows that an attachment Cross 


o- eae to 4 x 1007 on 


section of approximately 2 x 10 
can be consistently assigned to account for the decay in 
CO... Slightly higher values at 2.3 torr and the early 
decay at 4.9 torr, may be due to increased electron energy 
expected in the early decay at low pressures. 

The range of values for attachment in CO is even 
narrower lying between 2.2 x ome cm? ands 3i..0 Tomes 
enn. The reaction responsible for the attachment, may be 
a two body reaction, with the excess energy going into 
an excited state of the molecule [41,54,55] to be collision- 
ally dissipated later. 

A three body process is found to yield three- 


body rate coefficients of the order Tome cm® seCra to 


ajo ame Sey but the coefficient shows more variation 


with pressure than does qa° 
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Table 5-2 


Attachment Cross-Sections 


(a)e Pp trorr] gq, (x107**om?} (b) Sei cer gq, (x107**em?} 

20 Tes: 100 Bie. 

Sse) Meh) Ihe: Bie 

12 Pee) 50 333 

shoals 3 30 NS Th 

Ad 37 Seet ti? ao Onis) gS Deoe 

4.9 16 Ce ss 60s) 

Dees 8.0 

2 4.0 

Ons 4.0 


(a) CO., (b) CO. These are obtained from Figures 5-15, 


5-16, and 5-18 for various values of pressure, 
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Freure 5-14 PLasma Decay In CO 


The numbers on the 
curves indicate the pressure in forr. 
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Pee 9-15 ELEcTRON DENSITY VERSUS TIME FOR CO, AT HIGH 
RESSURES ine Mumbers onethe curves indicate préssure in 


COorpu. PF hlectron attachmencw cross—sections, appropriate for 
theystraight Lane portion of each curve, appear in the key. 
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IGURE 5-16 ELECTRON DENSITY VERSUS TIME FOR C05 AT LOW 
e 


RESSURES 
pressure in torr. 


The numbers on the curves indicate t 
Electron attachment cross-sections, 


appropriate for the straight line portion of each curve, 


appear in the key, 
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FIGURE 5-17 PLASMA DeEcAY IN CO The numbers on the 
curves indicate the pressure in torr. 
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Figure 5-18  ELectron Density Versus Time For CO The 
numbers on the curves indicate the pressure in torr. 
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straight line portion of each curve, appear in the key. 
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5-5-3. Gas Mixtures 


Electron decay data for gas mixtures appear in 
Figures 5-19 through 5-24. The later decay appears to 
behave in a manner similar to that observed in CO... 

Values of the two body attachment cross-section 


to CO, can be determined from the straight line charac- 


2 
teristics in Figures 5-20 and 5-23. Equation 5-29 can 
be employed where N is the density of the co. molecules. 
the fesulting cross-sections appear an Table 5-3. Com- 
parison of these with the values obtained for pure 5), nia 
Table 5-2 (a), indicate that the attachment process is 
more effective in the laser mixture by about one order of 
magnitude. This indicates’ that the N, and He must play a 
role in the attachment. 

He and N, can be incorporated into the attach- 
ment mechanism proposed in section 5-5-2 for co. and CO 
It is reasonable to expect that He and/or N, may be more 


effective than CO, in relaxing the excited molecular state 


2 
of the negative ion [47]. Otherwise, if the molecular ion 
were unstable, it may revert to a stable state by ejecting 
the electron before suffering a stabilizing collision. 
If this proposal is to be correct, one would expect a 
larger cross-section where the proportion of He and N, to 
co, ys ther highest. in fact, var calculation of the average 
value for the cross-section shows thatitis about 50% higher 
in the 90% He-N,, mixture than inthe 80% He-N, MEXSCUrS . 

Plots of reciprocal density against time for the 


ann sone 8 ak sc 
anlosec-$ac%5 Séemtoseaa Ye wa to outa”. ~ 
ceaaad antt teeleide Sl RAR ankeeraoebs 3 tes 0 | 
ose Ghat paiteco. Ste Bae) OS-e semmes7 mt 
seeivdelém 09: ade Io pihecok-sdo at Vi 5 dai resi of | 
atta’) Ent sidur «4 50am afiatpen-oneae palsiuesr 
uo sag os hot la Sesty chute: ght iis tdi seeds zo cane 
es seeheeg gnamiontse Sito Gers pomatbat . (a) ee, 
is ~eba's) ¢ Latha qd segs bes te@si ad? at a 
# ody thls eetaotbal eft  aohceera 
. Sremrie 9S oils ab efor - 
Sauna site ogni beseroqioont ad ako gf oon 3h | 7 
6% bir yD ‘te! S-i poidasa al hoaoqeag nainedoom 209m 
a7 = Vem <0 oo\ hana si 3642 2I98GNS oa) sidsaonaes at 30 7 
steau talivoalom bedlows ‘sd pabshinn a4 e495 1683 a 
soi sakvod tom afd i, seiweeieo ft) aot svidspen ealeee 
Qntsoota ye state Sidesa & 68 Tare yam 34 eldaigey 93 7 
nofaiijon yntetiifed> » yolstiue Baie Rogsaelerene 
Tonga Show enc ,soewxee of O39 oyorg ati 
ai Obie att So abtrsodesy ost pois sak t avant 
aenoue Payee) 5 ssoate * og 
‘am Pines oe | oer v 
; i ep 


a ysic seum on bud» 


_ 


7 1. 7 
— _ 


— 


: 
> oa © 


pba S 


Table 5-3 
Experimental CO. Attachment Cross Sections 


for Two Laser Mixtures 


Gel SIs heevenn’ | P fcorr | q., fom*] 


2 
ya 0.74 AG Sepa 
16 i LS Lea, 
i) ia) i) 
32 one 1S) 
Gale! Pomeece tan 
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(bb) ae torr | Pao eoiare || a ein) 
eal 1.4 062.% 10° 
v3 D5 1.2 
a, 3.18 0.88 
qo = 0.94 x Wipe ane 
(a) CO, : N, ete! oe lees lenses 
(b) co, : N, Se sKey oe I Ba alk GS) 
P denotes the total gas pressure and Poo denotes the 
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partial pressure of CO. 
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early decay in Figures 5-21 and 5-24 do not result in 
good linearity. However, approximate recombination coef- 
ficients can be assigned aS indicated. These compare to 


those obtained for He and N,- 
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FIGURE 3-20 eee UENSITY VERSUS TIME FOR A 
CO. :N5:He = 1:1:8 Laser ilIxTURE = The numbers on the 
curves indicate the total pressure in torr. Electron 


attachment cross-sections, appropriate for the straight 
line portion of each curve, appear in the key. The data 
is the same as for Figure 5-21. 


: ao 
eee eel 


[a ae 


a 


>) Yq - 


¥ es 
tm! iy hei 
- . i 
1. 
‘ gb! “} 
o: “Oi a , | } ! 7 
p4 _ 
Yo" ar x 0.1 
’ 
"Cts f 
tl — as 
— 
ll 
wn Ya 
— 2 ff 
oa ~. 
»  # 
rd 
f 
a 


apa JL bees nay! Mee we na 

If. AW BIS Stl - an UT gt 
a : 3708 jl Suieaete ‘nga 
dnp2asze ofie Ae 
afresh an” Sk 


ES7. 


A000 x 108 
KEY 
P[torr] Wiens ON 
3600 
ce 1), 6 xe Ome 
-6 
3200 16 So ee : 
19 oo eo Oe 
= 32 18.0 x 10° 
“es 
5 2800 
> 
= 2400 
we 
i 
eat 
= 2000 
Oo 
Oc 
he 
O 
a 1600 
Li 
a 
<x 
3 
= 1200 
at 
O 
Lu 
aS 800 
400 
0 
0 100 200 300 400 S00 600 700 
TIME [us] 
FIGURE 5-¢ RECIPROCAL ELECTRON VENSITY VERSUS TIME FOR 
A CU>:N5:HE = 1:1:6 Laser :lIXTURE | The numbers on the 
curves Indicate the total pressure in torr. Recombination 
coefficients have been assigned to account for the initial 
decay. These appear in the key. The data is the same as 


for Figure 5=20.. 
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IGURE 5-22 PLaAsma JEcAY IN A CO5:No:HeE = 1:1:5 LaAseR 
IXTURE The numbers on the Sae faints total 


pressure in torr. 
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FIGURE 5-25 LECTRON DENSITY VERSUS TIME FOR A CO :N cH 
0.:N,:HE = 1:1:3 LASER :lIXTURE The numbers on the 
CURVES= indicate the total pressure im torr. “Electron 
attachment cross-sections, appropriate for the straight 
line segment of each curve, appear in the key. The data 
is the same as for Figure 5-24. 
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FIGURE 5-24 ee pao ELecTRON Density VERSUS TIME FOR 
A CQ.:N5:HE = LASER MIXTURE ‘The numbers on the 
curves ¢ndicate the total pressure in torr. Recombination 
coefficients have been assigned to account for the initial 
decay. These appear in the key. The data is the same as 
£Or Figure 5=<23. 
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B54. Oxygen and Air 


Decay characteristics are shown in Figures 5-25 
through 5-28. Oxygen is more electronegative than any of 
the gases considered thus far. At low electron energies 
it can form a negative molecular ion by a three body 
process while at higher electron energies it forms a 
negative atomic ion by a dissociative process [41]. 

The straight line features of Figure 5-26 and 
Figure 5-28 support this. “Also, the decay rate increase 
with pressure supports an attachment, rather than dif- 


fusion controlled process. 


Equation 5-14 must be altered to include both 


the two and the three body processes. 


dn 
e€ a _— _— 
qe = BN(O,)n, KN(0,)N(th)n, 5-29 
B = the two body rate coefficient lemsgecnet 
K, = the three body rate coefficient enh ee 4 
N(O,) = 0, number density [om] 
N(th) = third body number density [om >] 


The rate coefficients are given in Figure 5-29 and Figure 
5-30 for a two body process and a three body process res- 
pectively [41]. 


The solution to Equation 5-29 is: 
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ti electron density at the intersection 
of t = 0 and the projection of the attach- 


ment curve fon 


For any twor sects or points (n i) eWelele Gal ) one can 


ial ao 
determine 8 + K_ N(th) by the following relationship: 


See Sa ae) 


a (t. t) N 0. 


Without a knowledge of the electron energy one 
cannot obtain 8 and K independently. However, assuming 
that the other were zero, determination of each coef- 
ficient reveals information about the electron decay. 

in the casevot vain, the third body particles 
are considered to be 0, rather than N,- 0, is’ more than an 


Order OL magnitude emore EGrrective than) is) N5, and so che 


contribution due to the N, component is negligible. 


2 
The coefficients of interest appear in Table 
Doe NemCUnVCm LOM wa ysLOLr EOt 0, in Figure 5-26 has been 
approximated by three straight line segments. Comparison 
of the values in Table 5-4 with those values of 8 and K, 
inerigurewo-29, and Fagure 5-20 respectively, reveals tne 
following: 
(1) Oxygen at 3 torr, progresses from two body attach- 
ment in the early decay for warm electrons, to three 
body attachment in the later decay beyond 60 us, in- 


dicating that the electrons have reached ambient 


temperatures by this time. 
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Table 5-4 continued 


(a) O 
CD) eer 


ie gives an indication of the electron temperature. 
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A) eee weet ohatoe shale dC ade hon aete he O5, the electrons have 
cooled to ambient temperature, before any measure- 
ments were taken aS indicated by the value of the 
three body attachment coefficient. 

(3) In the case of air, the attachment progresses from 
two body attachment for the lower pressures where 
the electronsmay be warm, to three body attachment 
for the higher pressure cases, where the electron 
will have reached ambient temperature, before the 
measurement was performed. 

0, and air exhibited an increase in electron 
density after an initial decay,similar to CO. and CO. ‘The 
effect was very large in 0.7 torr of air, but was barely 
noticable in O, at the same pressure. It diminished with 
pressure and became too small to measure accurately. How- 
ever, it remained visible on the CRT trace for even higher 


pressures. An example appears in Figure 5-31.This effect 


was also observed in H,- 
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FIGURE 9-25 PLASMA DECAY IN 0p 
curves indicate the pressure. 
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FIGURE 2-26 ELECTRON DENSITY VERSUS IIME FOR U, The 
numbers on the curves indicate the pressure in torr. 


Three-body attachment rate coefficients appear in the key. 
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FrGuRE 5-27 PLASMA DECAY IN AIR 


curves indicate the pressure in torr. 
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FiGure 5-28 ELecTRON DENSITY Versus TIME FOR AIR The 
numbers on the curves indicate pressure in torr. 
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Ficure 5-29 Two Bopy ELECTRON ATTACHMENT COEFFICIENT 
FOR 0. [41] 
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FOR 0. [41] 
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component of a signal of this magnitude could not be 
measured with accuracy. The first part of the signal 
was much more intense but shorter lived 20 us in this 
example). 
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5-5-5. Additives 


Further density measurements were made to 
determine the effect of traces of hydrocarbon impurities 
on the photogenerated plasma. The electron density was 
found to be influenced by the gaS mixture so a reference 
>? N, 7 He = I sl 8 3-by volumetric Tiow) 


was used. The additives were conveniently added to the gas 


mixture (CO 


mixture by bubbling about 10% of the gas makeup through 
the additive liquid as described earlier. 

Upon increasing the gas pressure the percentage 
of gas bubbled through the admixture had to be decreased 
in order to maintain an optimum signal. In these in- 
stances the gas pressure was controlled either by ad- 
justing the individual flow meter or by throttling the 
output valve. In all cases the percentage of gas bubbled 
through the additive, was adjusted to optimize the signal. 
This procedure was very tedious because of the length of 
time required for the dynamic system to reach an equilib- 
rium after an adjustment was made. 

Bubbling gas through NOR EKerSUSE with high vapor 
pressures such as benzene and acetone proved to be too 
coarse. In these cases, a small amount of gas was passed 
over the top of the additive in the bubble chamber picking 
up some of the vapors. 

Many additives that were tested increased the 
electron peak density and decay time. The observed tem- 


poral characteristics of these are plotted in Figures 5-32 
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throughout Figure 5-41. 

Electron density reciprocal and semilog plots have 
been presented for each different additive. In all cases, 
the number density of the additive molecules was unknown 
and so analysis of the decay was difficult, Also in most 
cases, the decay appeared to be due to attachment and re- 
combination operating simultaneously. 

Attachment serves to reduce the electron density 
with no effect on the positive ion population. Consequen- 
tly, the density of the two charge carriers cannot be con- 
Sidered equal, and the simple recombination theory would 
not apply. A thorough analysis would involve the formation 
and destruction of negative ions as well as ion-ion recom- 
bination. —~Untortunately, the quality and the quantity of 
the data on additives does not warrant such an analysis. 
However, Table 5-5 has been prepared, listing whatever 
conclusion can be derived from the decay data. Numerous 
other observations that were made are included in Table 
5-5. Additives that had a detrimental effect are also in- 
cluded. 

Further tests were done with various additives 
uSing a co, : N, > Hew= 2 1 = mixture as a standard. 
In these tests, only the signal duration and the phase 
shift corresponding to the maximum electron density were 
recorded. This was relatively easy since the measurement 
could be performed quickly, and the optimum signal did not 


have to be maintained for so long. 
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The minimum phase shift resulting in an imbalance 
observable onthe CRT was about 0.01 degrees. Consequently, 
it was concluded that the time at which the signal dim- 


inished to a similar reading corresponded to 0.01 degrees, 


This translates to a minimum observable density of about 
10/ electrons em™>, This measurement was believed to be 
quite accurate, Since the attenuation consistently app- 
roached zero with decreaSing electron density. Also, all 
Signals involving additives decayed smoothly, never rising 


after an initial decay as for the case of CO CO, Oo, air 


2° 
and H,- The addition of seed material to the laser mixture 
not only increased the electron density, but had a pro- 
found influence on the decay time. This phenomenon is 
illustrated in Figure 5-42, showing the time required to 
decay to Nae electrons cm? as a function of pressure. 
Substantial ionization can be seen to exist for relatively 
long periods even at atmospheric pressures. 

Many more materials than those mentioned have 
been tested and found to enhance photoelectron density. 
The largest increases in electron density did not consis- 
tently correlate with the lower ionization threshold ad- 
ditive, possibly because of a better match between the 
ionization continuum and the source emission spectrum. 
To date the greatest ionization enhancement has been ob- 
tained with benzene. 

It was interesting to observe the negative 


effect of an additive such as carbontetrachloride on the 
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photoelectron) density. A trace of ccl, not only killed 
all ionization, but no detectable photoplasma returned 
even after 36 hours of continuous pumping. The system 

did not return to normal until after it had been com- 
pletely dismantled and washed with alcohol. The detrimen- 
tal erfect of ccl, is believed to be a direct consequence 


of its electronegative nature. 
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Ficure 5-32 ELECTRON DECAY IN ACETONE Acetone vapor 
Wels -agded CO a (CO>sNo He = ells low catio by passing va 


POLrcion Of “the flow through @ bubble chamber. ~The numbers 
on the curves indicate total pressure in torr. 
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FIGURE 5-55 RECIPROCAL ELECTRON DENSITy VERSUS TIME FOR 
ACETONE Acetone vapor was added to a COj:N9:He = 1:1 
flow ratio by passing a portion of the flow through a 
bubble chamber. The number on each curve denotes the 
COtdal. pressure in, torr. 
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FIGURE 5-34 ELECTRON DECAY IN BENZENE — Benzene vapor 
wae) added’ toma (CO>:No:He — 1lsl:3 flow ratio by passing, a 


portion of the flow through a bubble chamber. The number 
on each curve denotes the total pressure in torr. 
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Figure 5-35 Reciprocal ELecTRON Density Versus TIME FOR 
BENZENE Benzene vapor was added to a CO,:N,:He = 1:1: 
flow ratio by passing a portion of the flo through a 
bubble chamber. The numbers on the curves indicate total 
pressure in torr. 
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FrecurReE 5-36 ELECTRON DECAY IN METHYL ETHYL KETONE 
Methyl Ethyl Ketone vapor was added to a CO2:N2:He = 1:1:3 


flow ratio by passing a portion of the flow through a 
bubble chamber. The numbers on the curves indicate total 
pressure in torr. 
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FIGURE D-3/ —RecrpROCAL ELECTRON Density Veesus TIME FOR 
Metuye Etuve KETONE Methyl Ethyl Ketone was added to a 
CODEN se = Jis1:3 flowwabiosby passing aA portion. of “the 

flow through a bubble chamber. The numbers on the curves 
indicate total pressure in torr. 
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FrGuURE 5-38 ELECTRON DECAY IN TRI-ETHYL AMINE Tri- 
ethyl Amine vapor was added to a COo:No:He = 1:1:3 flow 


ratio’ by passing a portion of the flow through a bubble 
chamber. The numbers on the curves indicate total pressure 
cl gy toe ah a 
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IGURE 5-39 RECIPROCAL ELECTRON DENSITY VERSUS TIME FOR 

RI-ETHYL AMINE Tri-ethyl amine was added to a 
GCO5eN> Hee — Less Plow ratio Dy passing a portion, of the 
total flow through a bubble chamber. The numbers on the 
curves indicate total pressure in torr. 
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Figure 5-49 ELectron Decay IN TRI-N-PROPYL AMINE = Tri-n- 
PEOpyl ramine Was acded to a CO> Noche: — 1fl:3 flow ratio 

by spassing a portion “or “thet low ethrough a bubble chamber. 
The numbers on the curves indicate total pressure in torr. 
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Figure 5-41 Reciprocal ELectron Density Versus TIME FOR 
TRI-N-PROPYL AMINE Tri-n-propyl amine was added to a 
COR eN> tle —al: 133 flow Treaiae by passing a) pole ron ior the 
flow through a bubble chamber. The numbers on the curves 
tmaVedteePOlLal pressures al stonn. 
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5-5-6. Effect of a Leak 


It is important to determine the effect, if 
any, existing air leaks may have had on the foregoing data. 

The leak rate of the ionization chamber and 
associated vacuum apparatus was monitored at regular in- 
tervals during the course of performing, the tests. This 
was done by pumping the apparatus down to the limit of 
the rotary pump (approximately 1-2 microns) and then 
isolating the system with appropriate valves. The Peenene 
pressure increase was monitored with an ionization gauge 
calibrated for air. Whenever the leak rate exceeded 10-20 
microns per hour, the leak was located and repaired. Such 
leaks occasionally resulted when changes were made on the 
apparatus to prepare it for specific tests. These changes 
were uSually limited to such things as pressure gauges, 
tubing,and spark plugs. In addition, the spark plugs 
developed leaks after prolonged usage (typically many 
hours). 

Any tests that had been performed, previous to 
discovering that a leak had developed were repeated, if 
there was reason to believe that they had been affected 
by the leak. Since no tests required more than 30 minutes 
to complete, and since the vacuum apparatus was evaucated 
between tests, no more than a few microns of air are ex- 
pected to have been present during any test. The pump 


down time served aS a convenient check on the vacuum in- 
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tegrity as well. 

Only the oxygen component of the leak will be 
considered here since it is particularly notorious in 
terms of photoabsorption and electronegative behaviour. 
By comparison N, is relatively inert and its presence 
in small quantities is not expected to alter the results 
Significantly. A contamination of 10 microns of 0.5 will 
be taken as a worst case situation. 

The photoabsorption suffered by light passing 
through the contaminant, may reduce the photon intensity 
at all points along the path. This would result ina 
reduced initial electron density. This effect can be 


described by Equations 3-75 and 3-77 resulting in 


Lo 
aa = exp [ oe no Xx] Sa o.2 
O 
me eye 19 -3 
Dees Loschmidt's number [2.7 x 10 cm ~ J 
ae P2738 
xX = Loepplem] (reduced length) 
L = distance from the source to the position 
of measurement [cm] 
; -18 2 
o, is never larger than 20 x 10 cm for On" except 


for narrow band resonance as illustrated in Figure 5-43. 
For L = 20 cm (distance from source to the center of the 
microwave horns) the decrease in photon intensity is 
about 12%. The decrease for the entire length of the 
ionization chamber is about 23%. These values are not 


large and can be ignored in the foregoing tests. 
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0, is an electronegative gas and can form the negative 
molecular ion in a three body process for ambient tem- 
perature electrons,7” This’ may not, only rabtect the electron 
decay rate but may have considerable effect on the coef- 
f£reventk of ambapolar diffusion [471% © Lf: the: electron 


decay was dominated by attachment to the O, contaminant, 


2 
then Equation 5-14 applies with ie KN(O,)N(th) 


Cue ee = 
aoe K,N(O,)N(th)n, sete he) 
Ne = three body rate coefficient lemsece.] 
N(O.) = number density of 0, molecules [om >} 
N(th) = number density of third bodies [om™ >] 
the solution to Equation 5-33 1s; 
ees No eXP (-t/T) 5-34 
with a time constant 
t = [K.N(O,)N(th)]~+ 5-35 
a 2 


From Figure 5-30, K, = 2 x MO see VaR N. 


molecules act as the stabilizing third bodies. This 


; : ; 47S Core 
results in an attachment time constant of T = O24 Sec tore 


where P is the N, pressure in torr. This time constant 


2 
is considerably longer than any of those observed, and it 
will not have a significant effect on the data. However, 


the late decay at high pressures may be controlled by 


attachment to the 0. contaminant. If tests were performed 
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in these regions the 0. concentration would have to be 
further reduced. 

Even at low pressures 05 may affect the later 
decay by altering the diffusion time constant for all 
modes of diffusion. A proper analysis requires that 
attachment and diffusion be considered together. This 


can be described by the following rate equation: 


et: Dvn. = KN(O,)N(th)n, 5-36 
The solution to this equation can be obtained in the same 
manner as for the independent diffusion equation presented 
earlier. The solution can be arrived at by simply re- 
placing 1/Dt in Equation 5-13 by (= - K_)1/D.The resulting 
time constants are given by: 


1 


s.\2 ; 2 
i (27-1) 
fae D (=) + Ea (| + KN(O5) N(th) 


Oo 
5-37 
i 2519) 3 4k 
a eta ba Wace eee 


Again for the case of Ny 


2 -l 
KN(O,)N(th) = 2.5Py [sec "] 


2 
As before, even the longest observed time constants were 
only a few milliseconds. Consequently, the first term 


in Equation 5-37 would have to be considerably larger than 
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the second term, to account for the rapid decay. As 
before, the attachment is too slow to be a Significant 
factor. However, if the electron decay is followed 
sufficiently long to ensure that the fundamental mode 
has developed, then the independent diffusion equation 
is correct for only the lowest pressures. For a total 
Pressure OL a Lew Core co a few tens Of torn, attachment 
to the 0, contaminant, would have to be considered along 
with diffusion. At pressures above 100 torr the attach- 
ment process would dominate the decay, and diffusion 
would become insignificant. Equation 5-36 would reduce 
tO) Equation 5=33,. 

In spite of the fact that electron attachment 
considered here is relatively slow, an accumulation of 
negative ions can increase the coefficient of ambipolar 
diffusion [47]. If a significant number of negative ions 
accumulate, they effectively shield the electrons from the 
positive ions and the ambipolar diffusion ‘coefficient is 
increased by the factor, 1 + B where B is the ratio of 


negative ion density [nj] to electron density. 
Baoan 5-38 


Again taking N, at low pressures as an example where these 
effects will be most significant one can write for the 


negative ion production: 
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where ee KN(O JN(th) as before. From Figure 5-10, 


2 
it can be assumed that the initial decay may be des- 
cribed in terms of a recombination coefficient of 
a= 1x Tore Prices 

Assuming that the increased decay of electrons 
as a result of attachment is small, then the electron 
density and positive ion density will still be app- 
roximately equal, and the electron density can be des- 


eribed= by Equation 5-185" ‘Substitution of this’ into 


Equation 5-39 results in: 


ane Vv 


sey eee ee OR = 
Ae ure 5-40 


The solution is given by | 


Vv 
ee bet Glan +o) — Inv n ] 5-41 
a oO eo eo 


In the case of N, at low pressures electron 
densities above cut-off Guise Bare were obtained for up 
to Lims. Extrapolation, ot the data in Figure, 5-8 back 
to a few microseconds indicates initial densities that 
may be as high as Tome cn From Figures 5-10 and 5-11 
diffusion appears to set in around 6 ms. Equation 5-41 


is valid from t = 0 tot = 6 ms. The negative ion density 


accumulated during this period is: 
ice. Torrens coun tr where 


Peis. the N, pressure. 
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The greatest effect will be in the later 
decay for low pressures as in Figure 5-ll. The experi- 
mentally observed ambipolar diffusion coefficient for 
N, at 1 torr may be affected by 3% at 6 ms by this 
process, 

In order to determine the shielding effect of 
negative ions for t > 6 ms the observed diffusion dis- 
tribution must be used in Equation 5-39. The approp- 


riate exponential (diffusion) distribution is given by: 


10 


10s 4 x 10 exp (-t/4.1 x Tom 


) 5-42 


with the 6 ms onset time redefined as zero. The time 
constant was obtained from Table 5-1, Equation 5-39 


becomes: 


ote 10 ae 
ape ce Lex 0 exp (=t/74. 17x 10 ~) 5-43 
The solution is: 
TE Wy es Wl ee aley eI Ss erie es 1 
5-44 


Using Equation 5-44 one finds that only 4 x TOs ad- 
ditional negative ions will have accumulated during the 
remaining 8 ms (total of 14 ms). This results in a possible 
Ota Ob about, 2,4 x toe negative ionsat 14 ms for the 1 
EOL me Curve. .1n No in Figure 5-l1l. The coefficient of ambi- 


polar diffusion may be as much as 403% higher than 
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Originally assumed. This would tend to reduce the 
requirement for higher order diffusion modes originally 
proposed to explain the rapid diffusion decay. 

As the term B increases, the diffusion curve 
should exhibit a curvature in favour of increasing decay 
rate with time [47]. Curves of this nature were ob- 
served in the later decay of electrons in H. at low 
pressures. These are illustrated in Figure 5-44, Unfor- 
tunately, the effectiveness of H, molecules in acting as 


2 


third bodies in three body attachment to O, is unknown, 


2 
and a detailed analysis cannot be performed. However, 
this phenomenon can be expected to show up more easily in 
H, than in any of the heavier gases. The coefficient 

of ambipolar diffusion for a given ion would be relatively 


high in the light weight H, gas [41]. Consequently the 


2 
diffusion would reduce to the fundamental mode correspon- 
dingly faster where the negative ion effect on Da can be 
more readily observed. If the diffusion has not fully 
developed to the fundamental mode the negative ion effect 
on Da can be masked by the decaying out of the higher order 
terms, hence the observation in H,- 

Although the mechanism is relatively insig- 
nificant for the data obtained, it may be highly sig- 
nificant under conditions of fundamental mode diffusion 
controlled decay at higher pressures. However, as the 


effect becomes greater the validity of the simple analysis 


diminishes. As successively more electrons are removed 
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DENSITY [om 


ELECTRON 


0 Za 4 6 8 10 a2 14 


TIME [ms] 


Freure 5-44 Etectron Decay In Ho at Low PRESSURES 
The numbers on the curves indicaté pressure in torr. 
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by the attachment process, equality between the electron 
and the positive ion densities can no longer be assumed. 
Consequently, the recombination distribution for electrons 
used in Equation 5-39 would no longer hold. 

The foregoing analysis has been done for Ny 
Since negative ion formation occurs more readily here. 
The analysis is equally appropriate to He. Since the 
three body attachment coefficient is about an order of 
magnitude less in He, all of the above mentioned effects 
will be correspondingly less for this gas. 


Since ther Stabilizing entece of CO, and) CO. in 


2 


three body attachment to O, is unknown, little can be 


2 


said about the effect of the above mentioned anomalies in 
these gases. However, if one assumes that three body 


electron attachment to the O., contaminant is responsible 


ie 


for the observed decay one can obtain values of the coef- 


ficient with the following relation: 


Pe aed cc eee ae 
a 19 2 
OED ie pig) 
tet 8) 0.01 P 
Dex l 02 | 
where = NAAN ees 0.01 is the number density of the 0, 
19 

molecules and Sete, P is the number density of the 
stabilizing particle. Here, it will be assumed that 


either CO. or CO are much more effective third bodies 


than even O,- Consequently, P will be the pressure or 


the partial pressure of CO, or CO. The values of K, 
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that appear in Table 5-6 are obtained from the curves 


InePagures Sa 57and, 5S=16 for CoO The values of K, POT 


pe 
CO. derived from the laser mixtures are a little higher 


than for the case of pure CO These values are derived 


2° 
from Figures 5-20 and 5-23 and appear in Table 5-7. 


Values of K obtained for CO from Figure 5-18 are much 


the same as for CO, - These values appear in Table 5-8. 
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Table 5-6 


Three Body Attachment Rate Coefficient in co, 


PEO rr| K,[cm°sec "J 
0.3 BO Oe 
Wee 4 
ae 3 By4 
Oral 0.6 
4 9 ieee 

1555 OmiG 

2 Oe 0.6 

28 


The electronegative species is assumed to be 10 microns 


OF O,- The values are obtained from Figures 5-15 and 


5-16 along with Equation 5-45. 
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Table 5-8 


Three Body Attachment Coefficient in CO 


PLtorr| K.tem°sec 7] 
is Deriee se ley 
30 0.89 
50 thea 
7 ta 

100 thee 


The electronegative species is assumed to be 10 microns 


OL 0 The values are obtained from Figure 5-18 along 
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5-6. Photoelectron Density Dependence on Pressure and 


Distance. 


Initial photoelectron density measurements were 
performed at a distance of 12 cm from the source. 12 cm 
was chosen since it represents the required photon penet- 
ration depth for a typical CO. TEA laser. Various gases 
andmixtures of gases were tested at pressures ranging 
from a few parts of a torr to atmospheric pressure (about 
700 torr in Edmonton). A standard mixture of gases 


(CO No :oHe = sl: le: lI by volumetric tlow) was used 


2eue => 
as a background to test additives. The results appear in 
Figures 5-46, 5-47 and 5-48. Some of the curves are dup- 
licated in each figure to facilitate comparison. 

The density of ionization observed in He and Ar 
was many orders greater than in the molecular gases, par- 


ticularly CO, and O.. The photoelectron density appears 


2 Z 
to be greatest for those gases that are most transparent 
to the hard ultra-violet. However, the relationship is 


not linear since N, is only transparent slightly farther 


2 
into the ultra-violet than is Ar for example [37,38,41]. 
Figure 5-48 reveals that the electron density enhancement 
achieved eh additives varies considerably from one 
additive to another, and approaches about 4 orders of mag- 
nitude in some cases. Figure 5-47 demonstrates. that the. 


photoionization density in the CO. laser mixture is 


dominated by the presence of CO,. A large fraction of 
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co, which is desirable from the laser standpoint results 
in reduction of the ionization density [57]. This accounts 
forgata least partwore ther dipfiacuity min obtaimingra stable 
discharge in such lasers when the co. fraction is in= 
creased. This is further illustrated in Figure 5-49 where 
the ionization density is plotted as a function of co, 
partial pressure, 

All curves of electron density against pressure 
appear to approach a straight line as the pressure in- 
eGEneases, indicating that for the straight) Line portion of 
the curve, the radiation attenuation constant is propor- 
tional to gas density. An increase in pressure cannot be 
differentiated from an increase in distance for a photo- 
absorption process, Hence, for ayconstane pressure, a 
semilog plot of photoelectron density against distance 
from the source: should yield Similar results, Jif the 
Fadtatmcall-orl£ ror photon antensity wis properly accounted 
for. Figure 5-50 reveals this relationship where the 
plasma density has been plotted against distance from the 
source for three selected cases, 

Interpretation of the data is complicated by the 
fact that the ultra-violet spark was within the test 
chamber. Consequently, changing the test gas also changed 
the source parameters and constant intensity, and 
wavelength distribution was not maintained. An attempt 
to achieve control with windows resulted in failure. CaF. 


with a short wavelength cutoff of about 1250 A severely 
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reduced the peak ionization density in all gases tested. 
LiF with a short wavelength cutoff of about 1050 A 
allowed only a little more ionization. In both cases, 
the resulting signals could be barely observed on the CRT 
Also the window surfaces were rapidly damaged by the 
ultra-violet spark, and the transparencies were not ex- 
pected to remain constant at ithe original values.) in the 
case of LiF the first few spark discharges resulted in 
substantial bridge imbalance signals, but not as large as 
without a window. However, after a few spark discharges, 
the resulting signal diminished to a barely measureable 
value. The window deteriorated too rapidly to allow a 
differential phase measurement. 

Limited source control was attempted by purging 
the tip of the spark source with He by way of a channel 
cut in the source mounting. The results are illustrated 
in Figure 5-49 for Ny and a CO. : N, eve wiles es a5 
laser mixture. This resulted in a substantial increase 
in ionization density. However, the purge had to be 
larger than anticipated (15% to 20% of total flow) and 
therefore the ionization increase may have been a result 
of increased transparency. Conditions of a uniform mix- 
ture could no longer be assumed since the large indepen- 
dent flow of He could result in a concentration gradient. 
Consequently, the source purge method was also abandoned. 

However, in the case of CO, or those mixtures 


of gases containing CO,, the photoplasma was controlled 
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by the CO, component. Provided the ionizing species is 


a 
the same in all cases, then it can be assumed that the 
co, Controls the wonizing photons. Furthermore, Lt can 
be assumed that the source emission spectrum remains con- 
stant as viewed by the gas in the test region. This can 
be interpreted as, regardless of the source emission 
spectrum, the CO, controls what part of it penetrates to 
the test region. 


CO, limited photoionization can be controlled 


2 


by two bands of photons. With reference to Figure 5-45 
(1) A window occurs in CO. centered on approximately a 
fo] ° 
wavelength of j} = 1200 A. It is about 75 A wide 


with values of the absorption cross-section ranging 


Baan cliceke (ey se 107) emt ep ea ee tone 
(41427581), 
(2) CO. exhibits essentially zero absorption for all 


wavelengths above approximately ) = 1800 A [Ad pa2 os 1). 
The latter case can be eliminated as a possibility because 
of the lack of absorption suffered by long wavelength 
photons. Figures 5-46, 5-47, 5-48 and 5-49 indicate that 
photoelectron density falls off rapidly with increasing 
pressure, implying a significant absorption. This argument 
applies equally well for multiple-step ionization as well 
as Single-step ionization. The band of photons available 
through the CO, window around } = 1200 A can be shown to 
account for the observation in gases containing CO.- 
Furthermore, 1200 A photons are energetic enough to photo- 


ionize various types of substances that may be present as 
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impurities in a single-step process. Under these con- 
ditions the rate of photoionization in terms of producing 


electrons is given by [16]: 


Me Ye 
ar on 5-46 
hv 
I = average photon intensity of those photons res- 
ponsible for photoionization [ergs She See 
h = Planck's constant [6.6 x 10°~- erg sec] 
Vv = average frequency of those photons respon- 
Sible for photoionization [sec - 1h 
oa = average photoionization cross-section [om] . 


mn = number density of the photolonizing 


-3 
species [cm ~]. 


The solution to Equation 5-46 is: 


Equation 3-75 can be used to calculate the 
average intensity of a band of photons with an average 
attenuation coefficient wy. The point source characteris- 
tic can be incorporated by a lige Multiplicative factor. 


The resulting equation is: 


it 

T = —> exp (-1x) 5-48 
2 

rs yates 5-49 
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i= on, 5-50 
ii = average photon intensity at the source for 
those photons responsible for photoioni- 
zation [ergs epee 
L = distance from the source to the midpoint 
of the measurement position [cm]. 
We average attenuation constant for those 
photons responsible for photoionization 
[om™1}], 
X = distance from the source reduced to con- 
dleELOnssGnr) o LPs, 
P = pressure of absorbing species [torr]. 
7) gas temperature [| 7k] 
as = average attenuation cross-section of ioni- 
zing photons [cm*], 
De Loschmidt's number [2.7 x lon sae. 
Equation 5-47 becomes 
ne E so o,nt exp (-G,n Laer) 5-51 
L hv 


Before proceeding, the pressure dependence of n must be 
determined. There are two possible sources of the ionizing 
species. One source is the inherent impurities in the gas 
supply cylinders. Typically, the impurity concentration 

is a few parts per million [59]. However, only at total 
pressures above 100 torr, can the cylinder impurities begin 


to compare to the background impurity pressure in the ioni- 
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Zation chamber of at least 1 micron. 
In an attempt to locate the source of the ioni- 
zing species He was tested after being passed through a 


cold trap at liquid N, temperature. Only a marginal dec- 


2 
rease in electron density was observed and no definite 
conclusion could be drawn based on the test. Hence a 
constant value for n appears to be a reasonable app- 
roximation. Since the pressure of the ionizing species 
will only be a few microns, absorption due to the impurity 
will be negligible assuming a conventional absorption 
cross-section of a few Mb. Also He and Ny will have neg- 
ligible absorption in the }) = 1200 A region under consid- 
eration. Therefore, Equation 5-51 applies with P equal 

to the pressure or partial -pressure of CO,- Since the 


coefficient of the exponential is constant, then a ratio 


method can be used to determine oO. 
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Any two points on the straight line asymptotes to the 
curves involving CO. can be used in conjunction with 
Equation 5-52a. The resulting values appear in Table 5-9, 
and are seen to agree very well with those available in 
the literature [41,42,58] and Figure 5-45. 

The rapid fall-off for low pressures may 
be due to an expanded window that rapidly diminishes. 


Shorter wavelength phetons are able to penetrate 
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Table 5-9 


Photoabsorption Cross-Section in CO 


Source Oo fen] 


Ge (ap ene 4 
a 
Photoabsorption cross-section for photons in the 
fe} 
X = 1200 A CO. window. These values are derived from 


2 


Figure 5-47 with Equation 5-52a. 
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to the required depth at low pressures, but suffer more 
serious attenuation with increasing pressure. Alternate 
arguments are also valid, however. If the impurity con- 
centration in the supply cylinder was larger than specified 
by the supplier, (such an incident occurred) then the ioni- 
Zing species would increase with pressure, resulting in a 
Slower decrease in ionization density with increasing 
pressure, than otherwise would have occurred. This 
phenomenon would manifest itself in the form of ever de- 
creaSing absorption coefficients with pressure. The same 
argument applied to He would predict an increase with the 
pressure. However, this was not observed, A second 
argument involves the emission spectrum of He. At high 
current densities two He continua may be excited. The 
Hopfield continuum (550 A to 1000 A) is found at pressures 
lp stor 100) torr, white the (1000 Ato 4000 A) Huriman con— 
tinuum dominates at higher pressures [57,60,61]. There 
may be some very narrow regions of reduced absorption in 


COs tory =) 1000 A [421 Consequently, the Short wave- 


2 
length, Hopfield continuum may be responsible for ioni- 
ZacLom fOr Pa L00RtOrn, At higher pressures only longer 
wavelength photons may be available for the Huffman con- 
tinuum, and these may be passed through the 1200 A window 
to, account for the photoionization. This argument could 
account for an increase in electron density when the 


source was covered with He as in Figure 5-49. In fact, 


it was this reasoning that prompted the use of He as a 
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cover gas. However, measurements performed later which 
now appear in Figure 6-1 do not reveal the expected con- 
tinuum in spite of having exceeded the minimum required 
spark current density of 30,000 A cm [39,62]. 

Returning to the determination of photoabsorp- 
tion cross-sections, a consideration of laser mixtures 
with additives is in order. Figure 5-48 reveals that all 
plasma density versus total pressure curves involving 
additives, can be approximated by two straight lines. The 
straight line approximation for pressures up to 300 torr 
yield an average photoabsorption cross-section of a ~ 
Neh more Tone cm? for all additives except benzene. This 
value is consistent with a limited photoionization process, 
where photons in the CO. window at A= 1200 A are res- 


ponsible for the ionization in a one-step process. The 
ionization potentials of the additives under consideration 
are given in Table 5-10. None of the ionization potentials 
violate the possibility of one-step photoionization with 


photon wavelengths in the neighbourhood of 1200 A. 


The situation is somewhat different for 
peessuxes above 300=torn.. in Chissrecqwon ‘the curves (can 
be approximated by a straight line which is characterized 
by a photoabsorption cross-section of oo as hee 


aa. This coefficient is too small to account for the 


absorption that would be suffered in the CO, window at 
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Table 5-10 


Tonization Thresholds of Some Gases and Vapors 


Substance 
Helium He 
Neon Ne 
Argon Ar 
Krypton Kr 
Methane CH, 
Nitrous Oxide N,O 
Xenon Xe 
Chlorine Cl, 
Methyl chloride CH,Cl 
Ethyl chloride C.H;Cl 
Isobutane CyHyo 
Hydrogen sulfide H,S - 
Ethyl bromide C,H;Br 
Boron trifluoride BF; 
Ethyl acetate CH;COOC,H, 
Carbon disulfide CS, 
Nitrogen dioxide NO, 
Acetone (CH3).CO 
lodine I, 
Nitric oxide NO 
Benzene C,H, 
Methyl amine CH,;NH, 
Ethyl amine C,H;NH, 
t-Butyl amine (CH3)s3CNH, 
Di-methyl amine (CH3),NH 
Di-ethyl amine (C,H;)2.NH 
Tri-methyl amine (CH) ),3N 
Tri-ethyl amine (C,H5)3N 


Tri-n-propyl amine (C,H,),N 


Ionization Potential 


(eV) 


24.58 
21.56 
15.76 
14.00 
12.98 
12.90 
12.13 
11.48 
11.28 
10.98 
10.57 
10.46 
10.29 
10.25 
10.11 
10.08 
9.78 
9.69 
9.28 
925 
925 
8.97 
8.86 
8.64 
8.24 
8.01 
7.82 
7.50 
d:23 


(A) 


504.3 
574.9 
786.7 
885.6 
955 
961 
1022.1 
1080 
1099 
1129 
1173 
1185 
1205 
1210 
1226 
1230 
1268 
1279 
1336 
1340 
1340 
1382 
1400 
1435 
1505 
1548 
1585 
1653 
1715 


[37] 


*The ionization potentials for all gases and vapors with the 
exception of BF; and the rare gases were obtained from K. 
Watanabe, T. Nakayama, and J. Mottl, J. Quant. Spectrosc. 
Radiat. Transfer 2, 369 (1962); BF; from B. Kaufman, Phys. Rev. 
78, 332 (1950); Rare gases from C. E. Moore, Natl. Bur. Std. (U.S.), 


Circ. 476, Vol. 1 (1949), Vol. 2 (1952), Vol. 3 (1958). 
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1 -= 1200 A. Such an absorption cross-section is obtained 

ag) CO. only for photons with wavelengths greater than 

1700 A or 1800 A [41,42,58]. With the possible exception of 
tri-n-propyl amine alladditives have shorter ionization 
wavelengths than these. Consequently, a two or multiple- 
step process appears to be responsible for photoionization 
of these additives at total pressures above approximately 
S00 COLE. 

In the preceding analysis the additive densities 
have been assumed to remain constant with pressure. Of 
course each independent additive will have its own op- 
timum concentration. The optimum concentration will be 
dependent on the additive's relative PhHOtOi1Chization and 
photoabsorption cross-sections. The foregoing analysis im- 
plicitly assumes that additive photoabsorption is neg- 
ligible compared to the co. photoabsorption. This con- 
dition will be satisfied for low additive concentrations. 

As mentioned earlier, gas pressure and absorption 
pathlength are synonymous in terms of photoionization cross- 
sections. In fact, photoabsorption cross-sections derived 
from Figure 5-50 are in very good agreement with those ob- 
tained from Figure 5-48. The same implications about the 
photoionization mechanisms are also obtained. The same con- 


ditions of CO, limited absorption are assumed to apply for 


2 
Figure 5-50. As inthe case for additives inFigure 5-48, the 
photoionization appears to result from two absorption bands. 


A short range process accounts for ionization close to the 
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source and a long range process dominates farther away 
from the source. Such a situation can be described by the 
summation of two terms, each like that in Equation 5-51. 
Only the absorption and ionization cross-sections will be 


different. Such a relationship can be written as follows: 


Rea gua lig (ears Ao. nou 273 
= = Ss 1S exp as Oo a ah Me exp ah @) 
e "2 as 760T 2 aL 760T 


O and ae are the photoionization and photoabsorption 


cross-sections for a band of short wavelength photons. 

Os5 and ae are the corresponding parameters for a band 
of long wavelength photons. At short distances the first 
term can be expected to dominate, because of the relati- 
vely large photoionization cross-section value assumed 
for high energy short wavelength photons, At the longer 
distances, the short wavelength photons will have suffered 
severe attenuation and the second term can be expected to 
dominate. Equation 5-52 is then expected to apply one 
term at a time in the limit of short and long values of L. 
The short and long range absorption coefficients can be 


obtained by a ratio method and any two points, (Moy L,) 


ang (nh L taken from the appropriate portion of the 


e2’ 2) 


plasma density versus distance curves. 
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The appropriate ratio equations are: 
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The photoabsorption cross-sectionsthus obtained appear 

in Table 5-1l (a). The values obtained for the short 
wavelength photoabsorption cross-sections correspond to 
values expected for a narrow window around i = 1200 A 

[58]. The value of the long range photoabsorption cross- 
section is too small to attribute to absorption in the 
W=120'0 A window. However, the value corresponds to 
absorption at ’4 = 1700 A, Since the ionization potential of 
tri-n-propyl amine is\ = 1715 A [37] then the assumed one- 
step photoionization is a borderline case and in fact the 
photoionization may be due to a two or multiple-step 
process [23]. If one were to consider the absorption of 
long wavelength photons by tri-n-propyl amine as well as CO, 
the actual photoabsorption cross-section at X} = 1700 A 

Mmaysbe Jarger than the jone caliculated from the data. * =n 

such a case the long wavelength photon may have to have a 
wavelength much larger than 1715 A, in order to achieve an 
absorption cross-section comparable to the experimental value. 


This would preclude one-step photoionization as the long 


range mechanism. 
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A simplified approach to obtaining the short 
and long range absorption cross-sections can be obtained 
by considering the plasma density dependence on distance 
for He in Figure 5-50. This curve does not follow a 
L law. Appropriate tO. a point Source, incicating -cheat 
the source is somewhat directional. As an approximation 
the source can be considered to be entirely collimated. 


Equations 5-52, 5-54 and 5-55 would apply with the Ls 


eRe) 


removed. The curves for the laser mixtures and tri-n-propyl 


amine in Figure 5-50, could each be approximated by two 
straight line segments drawn asymptotic to the curves 

at the shortest and longest distances over which the data 
extends. The resulting values appear in Table 5-1ll(b). 
These values are a little higher than those in Table 
5-ll(a) but the difference is notso great as to disallow 
the previous argument. 

Having developed a somewhat empirical under- 
standing of photoionization, Equation 5-52 can be used in 
conjunction with Figures 5-48 and 5-50 as an aid in 
designing photopreionized doped co, lasers. For similar 
ultra-violet spark sources, the coefficients can be ob- 
tained from Figure 5-48. The experimental range of PL 
values covered by Figures 5-48 and 5-50 is large enough 
to cover most situations encountered in a typical laser 
device. Presumably the curves can be extrapolated to 
atmospheric pressure as well. However, for different 


sources, the equation is of limited use since the photon 
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Table 5-11 continued 


ShoRt (ae) and long (cy) range absorption cross-sections 
are derived for tri-n-propyl amine in 2 laser mixtures, 
(a) Assuming a point source with a ie dependence. 

(b) Assuming a collimated source. The "Range" values 


indicate the range over which the tabulated photo- 


absorption coefficient dominates. 
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output would have to be measured as well as the approp- 
riate photoionization cross-sections, in order to deter- 
Mine the value of the coefficients. 

This leads to the most important application 
of Equation 5-52. It can be used to determine the average 
photoionization cross-sections in the CO. limited ioni- 
zation bands. This would require a measurement of n and 
I, uO, Obtain the coefficient A, for Equation 5-53. n 
could be easily obtained in a non-flowing system, and Io 
could be obtained with a photomultiplier sensitized to 
ultra-violet with a phosphor such as sodium salicylate. 

A knowledge of the photoionization cross-sections of 
these additives would facilitate the design of CO. lasers 
to a much greater extent than she semi-empirical ap- 
picatron ore hquation 15-52). 

It should be pointed out, that for very intense 
ultra-violet sources, photogeneration of plasma will be 
rapid, and large initial densities would be predicted by 
Equation 5-52. In practice, these densities may never 
be reached because of the stabilizing effect of recom- 
bination and/or attachment for large electron densities 
(diffusion is too slow to be considered here). In these 
cases the loss mechanisms would have to be accounted for 


in Equation 5-46. 
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PHOTLO-ELEC TRONS DENSIiay tv: 
PRESSURE MEASURED AT A DISTANCE 
OF 12cms FROM SINGLE U.V. SOURCE 


19! 
109 
G=Al2k 
L = 20nH 
V=40KV 
VOL.= 7LITERS 
108 


0 100 200 300 400 SOUL ROO’ 700 
TOTAL GAS PRESSURE - TORR. 


FrguRE 5-46 — PHOTOELECTRON Density Versus GAS PRESSURE 
FOR VARIOUS GASES 
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PHOTO ELECTRON DENSITY VS: PRESSURE FOR 
(1:1:1,CO2:No:He) MIX AND ADDITIVES 


MEASURED AT 12. cm.FROM SINGLE UV. SOURCE 
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ian: 5-49 rHOTORLECTRON DENSITY VERSUS C00 PARTIAL 
RESSURE FOR LASER MIXTURES his reveals the influence 
of He cover gas and dependence A: photoelectron density 


on the co, concentration. 
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Freure 5-50 VaRIATION IN PHOTOELECTRON DENSITY WITH 
DISTANCE FROM A SINGLE ULTRA-VIOLET SouRCE IN LASER 
MIXTURES PLUS TRI-N-PROPYL AMINE 
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oe ar Investigation of Source Parameters. 


Various source parameters were investigated in 
an attempt to develop an understanding of the ultra-violet 
photon production of the spark source employed. Attempts 
to isolate the source from the test gas in the ionization 
chamber with windows, or a source purge method, were un- 
successful as discussed in the previous section. Con- 
sequently, the conditions in the test chamber and therefore 
in the spark had to be standardized. Since He consistently 
yielded a high photoelectron density, differential phase 
measurements could be obtained with relative ease. In 
aAgagLerOn, at this “stage of the project, i was’ st 111 
assumed that the Huffman continuum in He, was largely res- 
ponsible for the production Gi ionizing photons 1n any. 
mixture of gases containing over 100 torr of He (however, 
Figure 6-1 does not support this assumption). For these 
reasons He was chosen as the standard. A pressure of 400 
torr was chosen as an approximation to the partial pressure 
of He in a typical laser device. Furthermore, a high 
pressure is required since the condensed spark discharge 
spectrum can be expected to be different at low pressure 
[37]. The measurement was performed at a distance of 12 cm 
from the source to simulate conditions in a typical laser 
device. The initial photoplasma density was measured for 
all tests, and is used as the "common denominator" by which 
the results of various tests can be compared. 
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Baigure S=47For the standard conditions of V°="9407 kV and 

C = 0.1 uf, various spark source devices were tested. In 
addition to thosesallustrated in Figure’ 3-38~and discussed 
in that section, 1/8 inch diameter tungsten pins ground to 
a point were also tested. The pins were each 6 inches 

long and they lay in the same straight line with the sepa- 
ration distance adjustable. No change in photoplasma 
density was detected for all pin separations tested. (1 mm 
to 6 mm). The performance of the tungsten pins was im- 
proved by using the geometry illustrated in Figure 3-3 (b) 
Here again the pin separation distance did not seem to play 
a Significant role. The improvement was attributed to re- 
duced circuit inductance. A coaxial source geometry in 

the form of a standard surface-gap automotive-type spark 
plug was found to yield an increase in photoplasma density 
approaching an order of magnitude [57]. The geometry of 
the device illustrated in Figure 3-3(c) is similar to that 
used in plasma focus devices, and the increased photo- 
plasma density may be due in part to increased current den- 
Sity in the spark [63,64]. Reduced circuit inductance may 
also play a part. Further improvement by a factor of 2 or 
3 was obtained with the device illustrated in Figure 3-3(a) 
The photoplasma density is increased as the adjustable 
center electrode (tungsten) is pulled back until it is 
abouc Voc trom the face job otheyspark plug.) Karcher 
separation does not have a significant effect on the per- 


formance. Devices with 1/8 inch and 1/16 inch center elec- 
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trodes were tested and no measureable differences were 
Observed. The improved performance observed here and in 
the case of the standard automotive surface-gap spark 
plug, may be partly due to the ceramic surface discharge 
inherent in these devices. Such discharges at high cur- 
rent are known to promote hard ultra-violet emissions 
Oe Jalie 

In spite of the improved performance in the last 
instance, the standard surface-gap automotive spark plug was 
used as the source for the entire project. Commercial 
availability, low cost and extreme durability in addition 
to good performance were the features that dictated the 
choice. Capacitor values in excess of 0.1 uf charged to 
50 kV could be discharged through these plugs many times 
without marked deterioration. With the spark source 
geometry established, photoplasma density was measured for 
various values of capacitance and charging voltage used to 
drive the spark source. The results appear in Figure 5-5l. 
The energy for each voltage and capacitance point has been 
determined, and plasma density versus energy is plotted 


in Figure 5-52. 
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Figure’ 5-51 reveals that the plasma density 1s directly 
proportional to the charging voltage for the values of 
capacitance and voltage considered. For a typical R.L.C. 
discharge circuit Such) as that used to drive the spark 
source, the maximum value of the discharge current is given 


by [7/4782 }': 


L = equivalent circuit inductance [henries] 

which isan approximation of Equation 3-l. 

It reveals that the maximum current is proportional to the 
charging voltage. Consequently, it can be assumed that 
the plasma density is proportional to the peak current. 
Furthermore, it can be assumed that photon production is 
proportional to peak current since, for a one-step photo- 
ionization process, plasma density is proportional to 
photon intensity. 

Te can be concluded that Gifticient operation of 
the spark source requires high discharge current. This can 
be accomplished by using high voltage, large capacitance 
and low inductance circuitry. Figure 5-52 shows that plasma 
density increases with input energy. It also reveals that 
for a given amount of energy, the most efficient way of 
delivering it is with small capacitor values, implying a 
need for high voltage. Figure 5-53 reveals the detrimental 
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Capacitor. Other? than for the Vast resule the circut 
inductance was assumed to remain constant, being con- 
Lrolled by thesescultry cather than by the parasitic in- 
ductance Of the “capacitors, "Two 0.1 We Jow inductance 

(20 nh) capacitors were available. These were placed in 
Semles end parallel) to obtain the 0.05 mttfand 052 105 
values respectively. The inductance contributed by the 
capacitor was never more than 40 nh. The constant circuit 
inductance was assumed to be much larger than that. 

Later, analysis of discharge current waveforms obtained with 
a Ragowski probe proved the assumption to be valid. A 
photograph of a typical discharge current waveform appears 


insPigure 5-2. 
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Firoure 5-51 ELectron Density Versus CHARGING VOLTAGE FOR 
VARIOUS CAPACITORS 
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FircureE 5-52 FELecTRON Density Versus ENERGY STORED IN THE 
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5-8. Validity of Method 


Microwave plasma diagnostic techniques are 
attractive when working with low density plasma, as encoun- 
tered 11m thissproject. these’ techniques typically offer 
good sensitivity and relative ease of analysis. However, 
complications develop when the plasma is located in a 
buffer gas at high pressure. Under these conditions the 
number of electron collisions with the neutral gas particles 
can be large. The electron collision frequency increases 
linearly with gas pressure and in so doing becomes more sig- 
Wisecant. 

A number of conflicting factors had to be con- 
Sidered in the design of the test facility. In order to 
achieve good sensitivity for low plasma density diagnostics, 
a low test frequency was required. However, this con- 
flicted with the requirement that the test frequency be 
higher than the electron collision frequency in order to 
Simplify the analysis. In addition, as the test frequency 
is reduced, the dimension of the waveguide interferometer 
components become prohibitively large. Consequently, an 
X-band system frequency was selected as the best compromise 
among these considerations [60,71,72]. 

Although the electron collision frequency can be 
accounted for theoretically, 1twas Very,  dviticult to deter— 
mine experimentally. Calculations show that for the 
majority of the data obtained, the electron collision 


frequency can be ignored without unacceptable error. 
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Equations 3-28 and 3-32 can be used in conjunction with 


Equation 3-34 in order to obtain the following relationship: 


L o 2 Zz 
= 8 cp amp L Lge Slt 
ngs ; {2 ee "2 ‘ aye 
oO 
dik, op pl 
fe ape 
W +V 


where = is given by Equation 3-24. Equation 5-58 

can be reduced to an algebraic equation by considering the 
electron density distribution to be a constant. However, 
the ensuing reduction of the equation to determine the 
electron density as a function of the other variables 
results in a multi-term equation. Such an equation would 
not be particularly suitable for the present purpose. Al- 
ternatively Equation 5-58 can be simplified for two 


limiting cases and solutions obtained more readily. 


First Case 

The significance of the electron collision 
frequency can be determined for those cases where it becomes 
approximately equal to the test frequency. Setting v = w 
in Equation 5-58 and maintaining the above cut-off require- 
ment of ne >> we,” an approximate solution to Equation 5-58 
Bhfye 

4ecmewAd 


Soe AO Sanit i 5-59 
S er 


7 
Masheke aiid pawl fo a9 


Fy. 
ws rw. nolt ealbnee at = 


~! aoteagpe bia en L/ ye io atic 


A rot Sapa tnd’ L? sil ‘ae is hess osc 


Ls 


ster 


: 
i798 ; a at re Yel mired: fund tes 7. Hs VaR an 19% ct 


aa TT " LJ Bis oe kapha! vt aye 


; , | rs Te —_ 
7 
* | b Ti | ‘i 507 “% ts re: 
w4 902 besa i lgaia oa me 210 
= -~ é \ ~ 
“i lbass a batieasde = 2 


- = 


ableiticoa- neti 7s, ait Jo ays stiae I 
| aren =i - x ie 
> 
> ed sar La 


J 


. ina 
oi 2; mgedw eoFs ecuis +B2 foulerses 


mae 
~ 


ae are iar 
 @ a. ; = ; 
La) phba¥eR” oxehecnes? dad ed'od dampen 
+ i » "Ai ; 
a 
itroaz 34e—-405 syeeie ails ons abage bat 


; a we : 
7 ed 7 aolsy es atans aad 4 YY * 
— 


259 


By comparison to Equation 3-52 it can be concluded that if 
the electron collision frequency is approximatly equal to 
the test frequency then neglect of the electron collision 
frequency results in underestimating the plasma density by 


) 


aetactor Gf 2. Sfor co. the collision cross-section Ode 


(strictly the collision cross-section for momentum transfer) 


for room temperature electrons is about 8 x Wea ene 
[41]. Use of Equation 3-12 results in 
- 9 
Vi=3 x 0° P [rad/sec] 5-60 
CO, 
Pao = pressure or partial pressure of co. 
ftormn |. 


10 


For a test frequency of 6 x 10 rad/sec a CO. pressure of 


2» 
20 torr is required before an error by a factor of 2 is 
encountered. Since the pressure of CO. never exceeded ap- 
proximately 40 torr the error can be considered acceptable 
from this point of view for tests involving only as), OG 
mixtures without additives. By the same method the 
pressures at which a factor of 2 error may be introduced 


have been determined for the other independent gases and 


these appear in Table 5-12 [41,56]. 


Second Case 
The error resulting in a situation for which 
the electron collision frequency is much greater than the 


test frequency can be determined by solving Equation 5-58 
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for. such a condition. An approximate solution for 


2e€_mcvAd 
i= = 5-61 


acne 
where all higher order terms have been neglected. By com- 
parison to Equation 3-52 siti can be concluded ‘that, tor 
electron collision frequencies exceeding the test frequency, 
neglecting the electron collision frequency results in 
underestimating the plasma density by a factor of Ney ee 
This requires an electron collision frequency of about 


2x 10-1 


rad/sec to establish an error of one order of 
magnitude. For CO, Equation 5-60 predicts that such an 
error may occur when the Eases reaches about 70 torr. 
Values for the other gases have been found by the same 
method and appear in Table 5-12. 

Just as co. was found to set the limits for 
photoabsorption and hence photoionization in 5-7 it also 
appears to determine the range of validity of the for- 
mulation used to extract the plasma density from the phase 
shift data. Since the pressure or partial pressure of CO, 
never exceeded about 40 torr, the error may be as large 
as a factor of 2 but is well within an order of magnitude 
Lor CO. or mixtures containing no additives. This was 
considered to be quite acceptable. The allowed pressure 


range for all other independent gases is entirely accept- 


able with the exception of H.- DLS eliay eaccOUnte LO ap 
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Table 5-12 
Worst Case Error Involved in Neglecting the 


Electron Collision Frequency 


Gas Pressure [torr] Pressure [torr] 
(x 2 error) (x 10 error) 
co. 20 70 
He 280 960 
N, 350 1200 
H 180 530 
(oe) 260 870 
Ar 700 2400 


Underestimation of the plasma density by factors of 2 and 
10 will result for the tabulated gases and pressures if 
the electron collision frequency is neglected, The error 


decreases with decreasing pressure. 


[e109] osueees4 
(Jose pero 


fre S to esxeso08 yd viene) enealy acc haar 
24 spauee ty bin goene betelodes off SOR De 


yor7a off .bedoatpen st yanstps7? ere 
oma sit oie 


an a 9% ro ; ire oie 


jie iy oa Ue 
i? ? 


242 


parent rapid plasma density fall-off with pressure for 
this gas, in Figure 5-46, as compared to He, Ar and N, 


which are essentially as transparent as H,- 

The validity of the data involving mixtures 
with additives at pressures over about 240 torr (partial 
pressure of CO. equal to 70 torr) may be in question by 
simply considering the values in Table 5-12, However, the 
analysis in the previous section concerning CO, controlled 
photoabsorption supports a much larger range of validity. 
For example a determination of photoabsorption cross- 
sections for the co, > No : He = Veta es mixture: contaLn— 
ing tri-n-propyl amine in Figure 5-50 yields essentially 
the same results as an analysis for those cases in Figure 
5-48. In the former the partial pressure of CO. is 40 
torr and so even the worst case electron collision frequen- 
tly considered in this section does not invalidate the data. 
Consequently, the latter case is also considered to be 
valid. In addition, the results presented in this chapter 
are in agreement with data obtained by charge collection 
measurements recently available in the literature [65]. 

For the results presented in Figures 5-46, 5-47, 
5-48, 5-49 and 5-50 the valid pressure range may in fact 
be extended by considering the electron energy. In these 
cases the phase shift corresponding to the peak electron 
density was measured just as the spark was extinguished. 


Consequently, the electrons would not have had time to 
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reach ambient temperature if they had received sig- 
nificant kinetic energy during the ionization process. 

As an example, if a particle with an ionization wave- 
length of about 1340 A was ionized by a photon with a 
wavelength of 1210 ae then the electron could acquire 

as much as 1 ev of energy. This would be particularly 
applicable to additives being ionized in a laser mixture 
with photons in the 1200 A co. window. The product of 
the electron collision cross-section and electron velocity 
decreases with increasing electron temperature for cO.- 
Consequently, such a situation would tend to decrease the 


electron collision frequency in CO, and extend the range 


2 
of validity. This is not a general relationship and is 
reversed in the case of N, and H, for example. Also, the 
electron temperature at the time of measurement will be 
different for all gases. Ho» for example can be expected 
to be effective in cooling down electrons because of its 


small mass. 

In addition to the above mentioned uncertainties, 
the electron collision frequency in the mixtures of gases 
used, were not found in the literature. However, it has 
been assumed that, to a good approximation, the electron 
collision frequency can be assumed to be dominated by the 
co.- It was the forementioned uncertainties that prevented 
the correction of the data by use of electron collision 


cross-sections available in the literature. 


A two frequency method was attempted in order 
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to determine the electron collision frequency along with 
the electron density. Such a measurement was made in 100 
torr of He, where Equation 3-67 applied for electron col- 
lision frequencies in the neighbourhood of the test 
frequency. The results indicated that the electron col- 
lision frequency was negligible in accordance with Table 
5-12. However, the measurement was not considered accurate 
f£OEla number Of reasons. It was very ditticult to cune the 
bridge since the difference frequency between the power 
oscillator and local oscillator had to be adjusted to 
within 2 MHz in order to remain within the amplifier band- 
width. The process required the use of frequency counters 
and was very tedious. In addition, the klystrons power 
Output characteristics eee very irregular with frequency. 
The highest power output occurred at 9.3 GHz and this 
supplied good signal-to-noise ratio. Another power peak 
occurred at 8.3 GHz but this one was much smaller and the 
Signal-to-noise ratio was barely adequate. Such a small 
change in frequency did not supply good sensitivity. 

Where the possibility of large electron collision frequency 
existed, the phase shift was always small for a given 
plasma density at a given test frequency. This observation 
Supported by Equation 5-61 made the two frequency method 
even more difficult to apply. Consequently, the actual 
influence of the electron collision frequency remains un- 


determined. 
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5-9. Role of Metastables 


CO. TEA laser pulse stretching by Penning ioni- 
zation of additives has recently been reported [66,67,68]. 
In these cases N, metastables were excited during an 
initial high voltage (above breakdown) fast discharge. En- 
Suing metastable ionization allowed the laser to be ef- 
ficiently pumped with a below breakdown electric field for 
a number of microseconds. Although there are a number of 
metastable states in the laser gases, CO., He and No as 
well as CO and 0, (2 live “Ghempactzonawaswattrabutedetosche 
ait metastable state in N, primarily because of its 
large cross-section for excitation by electron impact 
[66]. The metastable has a lifetime of 115 us and energy 
of 8.55 eV, large enough to ionize tri-n-propyl amine the 
additive employed. 

Even though photo excitation of metastables and 
ensuing Penning ionization has not been accepted by 
Babcock et al [65] there is some merit in considering it 
in this thesis. For example, the initial increase in 
electron density observed in Figure 5-17 for CO, could be 
conceived to be due to Penning ionization. 

Assuming that a number of metastables have been 
photo excited during the spark discharge and by further 


assuming that metastables are only lost by ionizing col- 


lisions relation 5-62 applies: 
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-k nn 5-62 
mm 


metastable density [cm > 


] 


two body rate constant [cm 3sec7}} 


density of ionizing species fee 


It has been implicitly assumed that the meta- 


stables are either CO, or Ny from an air leak previously 


discussed. 


If it is further assumed that the meta- 


stables have sufficient energy to ionize some low concen- 


tration contaminant, then the rate equation describing the 


electron density is given by: 


Sanaa an - kn 5-63 
a 


where loss due to recombination and attachment has been 
incorporated. Substitution of the solution to Equation 


5-62 into Equation 5-63 results in: 


dn, 9 
<P kn Nom exp (-k_nt) - an, 7 kn, 5-64 
Beta metastable density just after the spark has 


been extinguished fem >). 


Elementary differential calculus theory [69,70] shows that 


a maximum value for n, occurs at 
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For Penning ionization faster than electron loss, meta- 
stable action could account for the peaks observed in CO 
in Figure 5-17. Initial peaks in electron density for 
laser mixtures with additives may be due to Penning 
ionization. This would also account for the relatively 
long life-time of the plasma in laser mixtures containing 
additives evident in Figure 5-42. This was pointed out 

by Reitz and Oblertz [66]. For large initial metastable 
densities Equation 5-65 predicts that the peak occurs at 
progressively longer times. However, a limit is imposed 
by the life-time of the metastable and this mechanism may 
not be able to explain the occurance of peaks at the order 
Of ems. in CO. and air, for example. These are illustrated 
in Figures 5-14 and 5-27 respectively. 

This simple analysis has ignored the quenching 
effect that various buffer gases may have on the meta- 
stables. Since the quenching ability will vary with buffer 
gas species and pressure, observation of the Penning 
effect will depend on the rate of Penning ionization 
relative to the rate of collisional quenching of meta- 
stables by the buffer gas. This may account for the 
relatively better performance of benzene evident in Figure 
5-48. Benzene is known to be a tightly bound molecule 
compared to the other additives used. Consequently, 


benzene may be more likely to ionize upon collision with a 
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metastable than to absorb the energy in a molecular vi- 
bration. On the other hand, the other more loosely bound 
additive molecules may tend to absorb the energy in the 
molecular vibration. The excited molecule may then ionize 
by a process Similar tO autoionization or more likely, be 
collisionally relaxed by a collision of the second kind 
with a light particle such as He. These considerations 
are purely speculative at this stage. However, it is 
reasonable to expect that the significance of Penning 
LOoniZzation in contributing to the total ellectron density 
will depend on the gas mixture. A detailed treatment of 
this subject is precluded by a nonavailability of photo- 
excitation cross-sections and collisional relaxation cross- 


sections for the metastables of interest. 
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5-10. Discussion and Conclusion 


The results provide several criteria on which 
to base the design of spark photopreionized CO. aASsers- 
(1) Inexpensive, commercially available automotive spark 

plugs provide a satisfactory spark source. 

(2) The most efficient way of delivering energy to the 
spark source, is with high voltage, low inductance 
Cancuitry in order tO) provide: high current. 

(3) CO. limitsthe photoplasma density by photoabsorption 

(4) Significant improvement in photoplasma density can 


be obtained with the addition of small amounts of 


various low ionization threshold vapors. 


(3) aL Om elow Pao L, photoionization of additives is avail- 
2 
able in a one-step process in the CO. window around 
° 
T2005 2°. 


(6) For high P L, photoionization by additives may 


CO, i 
occur in a two or multi-step process for i > 1800 A. 
This mechanism may be exploited for large aperture, 
high pressure lasers. Increased photon intensity 
with gas pressure evident in Figure 6-1 , indicates 
that photoionization may not be entirely constant 
with Tale L, but may increase slowly asthis parameter 
is increased. 

(7) Addition of additives results in longer lived plasma 
possibly due to Penning ionization from metastables. 


This may be a significant criterion to consider in 


the design of quasi-continuous photoionized cO., 
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lasers. 

(8) Laser devices should be well sealed to prevent 0. 
from contaminating the system. 0, rapidly reduced 
the electron density by attachment. 

"Experimental verification of the effectiveness 
of many of these photoionization parameters has been ac- 
complished in working laser systems. For example, input 
and output energy densities in excess of 800 and 60 J/X, 
respectively, have been obtained in a 5 cm aperture laser 
50 cm long. This structure was operated at atmospheric 


pressure with, a #(1212.3)) (COAZs WN He) mixture and a tri- 


2 2 


ethylamine plus tripropylamine additive. These results 
were achieved using the discharge and preionization con- 
figuration shown in Figure 12 (Figure 5-54 in this thesis). 
Two 15-source linear UV arrays were mounted on either 

side of the anode so as to provide relatively uniform 
irradiation of both the cathode and the discharge region, 
Surface-gap spark plugs individually fed from a low- 
impedance multiparallel strip transmission line convenien- 
tly performed as the preionization sources. In this dis- 
charge configuration the UV sources are seen to be in 
series with the main discharge and are, consequently 
operational during the entire current pulse. Best operation 
has been obtained using oriented nuclear-grade graphite 
electrodes machined to an approximate Rygowski profile." 
[57] In spite of the fact that benzene produced the 


largest electron density in a laser mixture under test 
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jwelae 5-54 SCHEMATIC_DIAGRAM OF A JEST DISCHARGE 
AND PREIONIZATION LASER SYSTEM 
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conditions; and *that at provided good Stabilization of 
the laser excitation discharge, its use did not provide 
good laser output. This was subsequently traced to a 
strong absorption in benzene close to the laser wave- 
length of 0. 64microns . 

The data analysis presented in this Chapter 
reveals that the test facility could be used as the basic 
apparatus to determine a great deal more data. Much of 
this data would be of general interest and some would be 
suited primarily to photoionized CO. lasers. The X- 
band interferometer provides sufficient sensitivity to 
Observe fundamental-mode diffusion controlled plasma decay. 
This would provide a means of determining the molecular 
weight ofthe positive cone Two and three body attachment 
rate coefficients could be determined for various electro- 
negative molecules. These tests would require an improve- 
ment in the vacuum integrity of the existing system, 
perhaps a bakeable system would have to be employed. In- 
Corporation Of a photomultiplier sensitized to the ultra-— 
violet, would allow the determination of average photo- 
ionization cross-sections in co, controlled wonization of 
additives. A second bridge operating at a high frequency 
(perhaps Q-band) could be constructed, and used along 
with the X-band bridge to determine the electron collision 
frequency when the plasma density was within the range of 
bothebradges. This would yprobably occur an the case of 


additives. 
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Unfortunately, the test facility, designed to 
Simulate conditionsin a typical CO. laser has two major 
disadvantages. It does not provide for constant source 
environment, nor does it possess any wavelength resolution. 
Consequently, a vacuum ultra-violet monochromator equipped 
with electronic as well as photographic recording apparatus, 
has been employed to investigate the photoionization 
parameters more thoroughly. Tests performed with this 
equipment are seen to provide more information about the 
photoionization process and the nature of the photoionizing 
species. In addition, photoionization and photoabsorption 
cross-sections can be determined from the data with good 
wavelength resolution. This is the subject of the 


following chapter. 
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CHAPTER 6 


Results of Photoionization Parameter 


Investigation with a Vacuum Monchromator 


Theoretical and design considerations have been 
déaltiwithiin. Chapter) 3... in thie Chapter vonly experimen— 
tal results and appropriate analyses are presented. The 
test facility has been used to monitor photon intensity 
for various gases and gas pressures. Incorporation of the 
charge collector has allowed the determination of 
photoabsorption and photoionization cross-sections. 
Purcnen SUDPpOrt ~Lor CO 


2 


vhotoionization has been obtained. CO. has been observed 


to be opague for wavelengths shorter than approximately 


controlled photoabsorption and 


X = 1050 R, Consequently, LiF (with a short wavelength 
O 
Cutoff at A = 1050 A) could be used to isolate the test 


cell from the monochromator and spark source. 
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6-1. Photographic Record of Emission Spectra 


Preliminary testing was done uSing a photographic 
technique to record the emission spectra from the spark 
sources in the three independent laser gases at three dif- 
ferent pressures. The results of these tests appear in 
Figures 6-1 and 6-2. A key to these figures appears in 
Figure 6-3. The photographs were taken under identical 
conditions, except for the source geometry. A CaF, window 
was used at the entrance slit of the monochromator illus- 
trated in Figure 3-2 . CaF. was used rather than LiF 
Simply because the LiF that had been ordered had not 
arrived. It served primarily two purposes: 

(1) It allowed a high source pressure to be maintained 
while keeping the absorption length short (10 cm). 
The monochromator was maintained at 1 to 2 microns 
Witheah Ol srOtary sOuUlp. 

(2) It protected the grating from being damaged by the 
source. 

Being located 10 cm from the spark source the 
Window Was NOt fouled so rapidly, as 1h the case of Che 
microwave interferometer test facility. It was found that 
washing the window in alcohol after approximately every 
hour of operation maintained the transparency at a 
reasonably constant level. The source driving circuitry 
was the same as discussed in Section 5-2. 

A number of features are immediately evident 


upon examining Figures 6-1 and 6-2 along with Figure 6-3. 
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(1) The wavelength content is remarkably independent of 
gas species and pressure, It seems to be a much 
stronger function of the electrode material and per- 
haps configuration, The tungsten pin spectra appear 
to be somewhat more characteristic of the gas species. 

(2) The intensity of the emission spectra of the laser 
gases increases with increasing gas pressure, The only 
GxCepLion 12S co. for wavelengths shorter than 1800 A. 

(3) The spectra appear to be primarily composed of lines 
with no strong evidence of a continuum. The con- 
tinuous darkening in the high pressure cases may have 
been due to over exposure. 

(4) The surface-gap spark plug yields higher intensity 
than the tungsten pins for all gases and pressures 
tested. 

A closer examination reveals more subtle features. 

Fach exposure corresponds to a grating angle adjustment 

that results ina 500 A shift down in wavelength from each 

succeeding exposure. This value was chosen so as to 

allow some overlap of the spectrum as the film was racked 

up and the grating angle changed. identification of du- 

plicated lines allows the plate factor to be calculated. 

The plate factor is not constant with wavelength as re- 

vealed by Equation 3-68 and 3-71. This is particularly 

evident in Figure 6-4 where the film is exposed to a Hg 
vapor lamp with the grating angle set to a known line, and 
then exposed a second time (for the same film rack setting) 


O 
with the grating angle shifted 200 A. The plate factor 
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can be calculated with ease from such data. The infor- 
mation can be applied to Figures 6-1 and 6-2, to calculate 
a window cut-off of A = 1230 A as expected. It also 
yields a high pressure CO. short wavelength cut-off of 
M2 1775 A which is in good agreement with the expected 
value [42]% sAtvar pressure of 100 torr, a more realistic 
Valuestonusa CO, TEA laser, ultra-violet light down to 
TR 2159.0 A, is seen to penetrate 10 cm of CO,. 
in onder! EO obtainjdata nethne: region of 
a= 1200 A the CaF. window was removed. Fortunately no 
noticable deterioration of the grating occured. Figure 
6-5 can be compared to Figure 6-1 except that the window 
has been removed and the absorption path length has been 
extended to about 110 cm. Any increased intensity in 
Figure 6-5 is believed to be due to the removal of the 
clouded window. It is particularly evident that the gas 
species has not affected the wavelength distribution. Any 
disappearance of portions of the spectrum when co, is 
present can therefore be attributed to CO. absorption and 
not to actual absence in the emission spectrum. Only for 
the case of the lowest pressure of CO, is there any ap- 
pearance of photons in the 1200 A window. Close examina- 
tion of Figure 6-5 reveals transparency from i = 1200 A 
to d = 1280 A. Because of the long pathlength, the CO, 
pressure scaled to a typical CO. TEA laser would be about 
20) term.) Lteis also “apparent that. the photon production 


fe) 
in He and N, may extend below A = 1100 A. However, CO, 
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can be expected to absorb this portion of the spectrum 
as evidenced in Figure 6-5, so it is of no interest in 
terms of CO, TEA laser photoionization. The absorp- 

tron in N, around A = 1400 A was traced to an unusually 
high level of 0. contamination in the N, cylinder used. 

In summary, the photographic record presented 
here can be said to further substantiate CO, controlled 
DhOcoOlonization by photoabsorption. In addition it 
has revealed that the emission spectrum is primarily a 
line spectrum independent of gas species but that the 
intensity varies with gas species and pressure. The emis- 
sion spectrum of the adjustable spark plug, illustrated 
in Figure 3-3(a), could not be obtained with a window at 
the entrance. The spark was particularly notorious in 
obliterating the window with debris from the discharge. 
Testing without a window was decided against in order to 
ensure protection of the diffraction grating. 

Numerous photomicrodensitometer scans were per- 
formed to facilitate relative comparison of the photo- 
graphic records. However, the focussing across the width 
of the film was not found to be constant and this presented 
a severe limitation on the usefulness of the scans. One 
of the better focussed photographic records has been 
scanned and the result appears in Figure 6-2A. However, film 
darkening is non-linear with wavelength and exposure. Com- 
parison of the scan to the photoelectrically obtained spec- 


trum in Figure 6-7A shows that the film has saturated for 


intense exposure. Consequently no attempt was made to 
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normalize the photographic data. At any rate the 
resulting information would only be duplicated by the more 
accurate photoelectric recording performed subsequently and 


presented in the following sections. 
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Rack Setting: (1) 
Center Wavelength (A034) Location for rack settings 


Center wavelength Ane) for rack: settings: (1) 


Center Wavelengths For Figures 
6-1, 6-2) and) ¢6—2A 


i A =e 
rot 

2 a2 = 3000 A®° 

3 r =o VOmAC 
a3} 

4 mn =e OIA 
c4 

5 Near = (ON AS 
ete etc. 


Freoure 6-3 Key To SPECTRA PHOTOGRAPHS This key 
provides the necessary information to read the spectra 


in Figures 6-1, 6-2, and 6-2A. The format for Figures 
6-4 and 6-5 is similar; however, all rack settings are 
for the center wavelength indicated on these Figures. 
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6-2. Electronic Recording of Emission Spectra, Absorption 


Spectra, and Photoplasma 


Presentation and analysis of results obtained 
with the electronic recording equipped vacuum mono- 
chromator constitutes the remainder of the thesis. The 
design and operation of this test facility has been dealt 
wlth oon Chapters 3 and 4. 

Even though the tungsten pin spark plug, illus- 
trated in Figure 3-3(b),didnot yield the highest electron 
density when used in the microwave interferometer test 
facility, it was found to be the best choice of source 
geometry for the monochromator test facility. The pin 
geometry provided a constant spark location. The pins 
were locked about 2 mm apart and the spark could be ac- 
curately aligned with the entrance slit to provide optimum 
light intensity. The surface-gap spark plug also illus- 
tratedvin Figure 3-3(c)i did not provide the necessary ishor— 
to-shot spatial reliability required.For this geometry the 
Spark could be located on any radius of the coaxial struc- 
ture. This parameter was observed to be entirely random 
from shot-to-shot even after a file mark was placed on 
the spark plug in an attempt to stabilize the spark 
location by disturbing the circular symmetry. Consequently, 
the spark did not always line up with the entrance slit 
and the photon counter output randomly varied from almost 


zero to an optimum value. Although this effect could be 
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tolerated with photographic recording where the film 
integrates a number of shots and determines an average, 
it could not be tolerated here. The remaining source 
geometry illustrated in Figure 3-3(a) was not used 
because of its particularly disruptive nature. 

Further information supporting co. controlled 


photoionization in a CO. TEA laser is presented in the 


2 
following section. Consequently, ultra-violet wave- 
lengths shorter than )\ ~ 1100 A are of no interest for 
co. TEA taser photoionization. This allows for test 
cell isolation from the monochromator by a LiF window 
(cut-off A = 1050 A). Also No at atmospheric pressure 


has been found to provide the strongest spectrum in the 


region of interest. These features have eventually been 


incorporated into the test facility as standard. 
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6-2-1 Photoelectric Record of Emission Spectra 


Further investigation into the emission spectra 
of the laser gases has been performed using the photon 
counter system discussed in Chapter 3. The results are 
presented here in a purely relative manner. Absolute 
values can be obtained by multiplying by the calibration 
constant derived in Section 6-2-6. However, suchan exercise 
would be of no value to the subject matter presented in 
this Chapter. 

The source was driven with a capacitor value of 
0.014 uf at a voltage of 50 kV. This resulted in less 
energy dissipation per spark than for the previous con- 
GeEetoneor Ce—) Or leitrand.Vl=— 40. kKV eels “was «done in Older 
to reduce the hazard of damaging the grating. The capac- 
itor value was obtained witha bank of 16 barium titanate 
capacitors placed in series and parallel to obtain proper 
voltage rating and total capacitance. These capacitors 
continually failed by shorting after approximately every 
50 hours of operation. However, they failed suddenly with 
no marked gradual deterioration. Observation of the 
current discharge waveform revealed a total series equi- 
valent inductance of approximately 0.63 uh. This was due 
Primaraiy to the: circurtery, asvin the case of the micro- 
wave interferometer. This source driving circuit was 
found to provide sufficient light intensity to perform the 


scheduled tests. The photon intensity was sufficient to 
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allow the narrowing of the slits to obtain a bandwidth 
of approximately 5 A. 

All testing has been done under atmospheric 
pressure source conditions. Flow meters were used to 
regulate the flow of gas into the monochromator body and 
out through the entrance slit and source. No window was 
used at the entrance slit. The gas was exhausted to the 
atmosphere through. a. 50) foot dength ort t, 4) inchuo, De 
polyflow tubing. A lengthy piece of tubing was required 
in order to prevent back migration of air into the source 
and monochromator. An O-ring flap valve on the exhaust 
allowed the monochromator and source to be evacuated before 
being filled with the required gas, 

Figure 6-6 arenas dramatically that Ny is by 
far the best of the three laser gases to be used in the 
spark source. The performance of He aS a source gaS was 
poor in proper agreement with the photographic records in 
Figures 6-1 and 6-2. A cylinder of He approximately an 
order of magnitude higher in purity than the industrial 
grade Soceere employed was also tested. No improvement 
in the emission spectrum was observed. Hence the poor 
performance could not be attributed to absorption by an 
impurity in the He. The increased electron density re- 
ported in Chapter 5 when the source was purged with He 
must have been due to reduced absorption rather than in- 
creased emission. An atmosphere of CO. with a path length 


fo} 
of 122 cm absorbed all photons at ) < 1800 A as expected. 
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No window was used at the exit slit so the path length was 
the sum of the test cell length and the monochromator and 
source length. With the X30 increase in gain used for 


° 
X75 18:00 Alam. CO the amplifier noise was recorded and was 


Md 
sufficiently high to reset the integrator. 

Figure 6-7 provides final evidence that the 
source emission spectrum is controlled by N, and that the 


absorption is controlled by the CO, with He being rather 


2 
passive. The laser mixture by volumetric flow was in the 
ratio CO. ; N, ; tHe = Oe: 1s 1. Sthe co, content was 
reduced so as to provide for a shorter effective pathlength, 


more typical of a CO, TEA laser. The reduced emission for 


2 
x > 18:00 A compared to Figure 6-6, is believed to be a 
result of reduced N, esa oe Increased gainof X10 is required 
to obtain a good reading for X < 1800 ie The reduced in- 
tensity in this region is again believed to be, in part, 
a result of reduced N, partial pressure, but co. absorp— 
tion accounts for most of the loss, The second trace in 
Figure 6-7 reveals the importance of low circuit induc- 
tance. Here a 300 uh coil was placed in series with the 
source driving capacitor. Photon intensity for A * 1700 A 
was markedly reduced. 

Identification of Ny as the gaS primarily res- 
ponsible for the entire ultra-violet spectrumof interest 
simplified the choice of source selection for the remainder 


of the tests. Consequently, flowing N, at atmospheric 


pressure has been used to fill the monochromator and 
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source for most of the remaining tests. 

Figure 6-7A reveals the spectral distribution 
nipel N, over a broader bandwidth. Although a significant 
amount of energy is deposited in the short wavelength 
region, improvement in this area would markedly improve 
the efficiency. The second trace reveals the detrimen- 
tal effect an inductive circuit has on the emission 
spectra. Here again, 300 uh was placed in series with 
the driving capacitor. 

Figure 6-8 reveals that the use of an LiF 
window at the exit slit results in a reduction of inten- 
SUEY elOr hae ly OO A. However, the system still has 
plenty of gain available and an increase of X10 reveals 
that there are sufficient photons available in all parts 
of the spectrum to allow employment of the window. 

Figure 6-9 reveals the importance of purity of 
gases in a laser system. The relative intensity was ob- 
served to increase with gas purity. The second trace in 
Figure 6-9 shows marked photoabsorption. The absorption 
corresponds to the absorption spectrum in 0, and this was 
eventually traced to an unusually high 05 concentration 


in the industrial grade N, cylinder [42,73]. 


2 
No detailed effort has been made to test all 
possible combinations of spark electrode material and 


gas environment in search of a better emission spectrum. 


However, it is known that a small concentration of H, in 
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CO, TEA lasers improves the performance. Subsequent 
testing OF H, as a source gas revealed the dX} = 1215 A 
line characteristic of H but it was not as intense as 
lines observed with N, in the same portion of the 
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SPARK SOURCE EMISSION SPECTRUM FOR SELECTED GASES 


WITHOUT WINDOWS 


RELATIVE INTENSITY 
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FIGURE 6-6 Spark Source EMISSION SPECTRUM FOR INDIVIDUAL 
ASER GASES Gas flow at one atmosphere has been employed. 


The optical pathlength was 122 cm. 
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SPARK SOURCE EMISSION SPECTRUM FOR SELECTED GASES 


WITHOUT WINDOWS 
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FIGURE 6-7 = SPARK SouURCE EMISSION SPECTRUM FOR A_LASER 
MIXTURE AL COD No He = O30: 1d) (by yolumetric flow) 
ratio at one atmosphere total pressure has been employed. 
The optical pathlength was 122 cm. 
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SPARK SOURCE EMISSION SPECTRUM FOR SELECTED GASES 
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Fircure 6-8 Errect oF A LIF WINDOW ON THE SPARK SOURCE 
EMISSION SPECTRUM, An atmosphere of flowing gas was 


employed. 


The optical pathlength was 122 cm. 
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FicuRE 6-9 Spark SouRCE EMISSION SPECTRA FOR Hy-PuRITY 


AND FOR CONTAMINATED N2 An atmosphere of flowing 
gas was employed. The optical pathlength was 110 cm. 


245 


vrei vif 03a 
erewok? 
iii say oo : 


218 
6-2-2. Charge Collection Mechanism 


A sound knowledge of the voltage-current 
characteristics of any charge collector device is neces- 
Sary in order to interpret the results. Although suf- 
ficient information about the collection mechanism allows 
results taken on any portion of the curve to be inter- 
preted, tremendous simplification is obtained if the 
charge collector can be saturated. Figure 6-10 has been 
prepared to illustrate the type of V-IC (voltage- 
integrated current) curve expected. Here, the total 
amount of charge collected is plotted against the charge 
collector bias voltage. Space charge effects as well as 
loss mechanisms have been assumed to be negligible for 
the low density ensemble of charges expected. 

Part A of the curve in Figure 6-10 corresponds 
to a Situation where the field strength would not be 
sufficiently high to sweep all of the charge out of the 
volume, in the time allowed by the electronics. A further 
increase in the bias voltage results in saturation. 
Regardless of the bias voltage, all charge would be swept 
out of the volume in the allotted time for portion B of 
the curve. Further increase in voltage would result in 
Operation in portion C. Here, the field 1s suftticiently 
high so as to accelerate electrons between collisions, to 
energies capable of ionization of a gaseous particle upon 


collision. The phenomenon is known as Townsend ionization 
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(CHARGE) 


INTEGRATED CURRENT 


Bras VOLTAGE 


Figure 6-10  HypotHetircat CHARGE COLLECTOR CHARACTERISTICS 
In region "A" the bias voltage is not sufficiently high to 
coltect all charge vin thes lotted time. Allecharge has 
been collected in region "B". This is the saturation 
region. In region "C" the bias voltage is high enough to 
cause Townsend avalanche multiplication of electrons. 
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[4l,47, 51,52). The. increase in ionization is exponential 
with bias voltage and gaseous breakdown eventually occurs. 

If the V-IC curves were accurately established 
for all gases and pressure ranges of interest, then 
operation on any portion of the curve would allow for 
Interpretation of the results. Of course 2f)the curves 
could be obtained experimentally, then there would be no 
need to operate in any region other than the saturation 
region. 

Total charge measurement in the laser gases 
Wastin eo). A resolution, resulted in saturation signals 
barely larger than the amplifier noise. Increased bias 
voltage resulted in operation in part C of the curve. 

The signal was strengthened considerably and was easily 
measured. However, it was difficult to relate this to 
the true charge density. 

Theoretical determination of the V-IC curve is 
precluded since the first Townsend ionization coefficient 
is unknown. The coefficient is available in the literature 
for uncontaminated gases, however, impurities significantly 
alter the coefficients [51,52]. The problem has been 
furcthern complicated, by, the nature of the initial elec- 
tron distribution between the collector plates. Never- 
theless, an effort to gain a better understanding of Town- 
send avalanche multiplication has been made, and the 


results have been presented in Section 6-2-5. 
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Fortunately, the use of additives resulted in 
such a large electron density, that collector operation 
in the saturation region was easily obtained and the 
data could be interpreted with little trouble. In 
addition, the signals obtained under such conditions 
were much larger than the amplifier noise and the noise 
resulting from mechanical vibrations. This allowed the 
electronic noise suppressing filters to be removed. The 
increased bandwidth allowed the collector gate to be 
opened for longer periods of time. The longest time re- 
quired to collect all the charge was approximately 80 us. 
This was obtained for charge collection in a laser mix- 
ture containing approximately 100 torr of co. With toi-n= 
propyl amine. A 10 volt collector bias has been employed. 
For higher E/P the required collection time was much 
shorter. In all cases involving laser gases at a few 
torr pressure and bias voltage above 40 or 50 Vio lies eet ne 
required collection time was less than approximately 
7 us, the minimum electronic gate time. These obser- 
vations were made with a bandwidth of about 50 A in 
order £O Obtain a Strong Signal. These results cor= 
related well with electron drift velocities, and con- 
siderations of ion mobility revealed that the ions would 
have been effectively motionless over such short inter- 
vals of time [41]. It was subsequently concluded that 


the charge collected, was due primarily to electron col- 
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lection and that any amount due to ion collection was 
insignificant. Furthermore, the short collection in- 
tervals required, revealed that space charge development 
did not play va ‘significant role, Collection of charge 
from a volume protected from electric fields by a space 
charge, depends on the diffusion of the charges to the 
space charge boundaries. Existence of a space charge 
implies that ambipolar diffusion applies and such a 
process would be much too slow to account for the short 
collection intervals observed. 

One final point should be mentioned. The 
charge collector was too sensitive at maximum gain to 
allow even a small flow of gas through the test cell. 
Flowing gas resulted in pllepeaistier of the collector plates. 
The subsequent change in capacitance required redis- 
tribution of charge. This required current flow and 
large random noise signals resulted. Consequently, all 
tests requiring maximum gain have been performed in an en- 
tirely sealed off test cell. 

Having determined the mode of charge collector 
operation the results applicable to CO, TEA laser photo- 


ionization can be presented. 
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6-2-3. Photoionization Dependence on Wavelength 


Chart recorder scans have been obtained 
revealing photoionization in the laser gases as a function 
of wavelength. The source employed was the standard 
tungsten pin spark source ina N, environment described 
in Section 6-2. A LiF window has been used at the exit 
slit to isolate the test cell from the monochromator. 

A 5 A bandwidth was used to provide good resolution. Un- 
fortunately, the resulting photoelectron density was in- 
sufficient to yield a strong signal in a saturation mode 
of operation,. with the exception of the use of an additive 
in Figure 6-12. A collector bias voltage of 200 volts 
resulted in Townsend multiplication of the original en- 
semble of photoelectrons. Although this removed the 
relative amplitude She Sy, the method provided the 
Pirst ui nLOrmation eeeohnS the spectral distribution of 
the photoionization. 

The first trace in Figure 6-11 shows the source 
spectrum with the test cell evacuated. The test chamber 
was opened to the diffusion pump, and the pressure could 
be maintained at about ime torr as measured by an ioni- 
zation gauge. Under these conditions, the ionization 
level in the test cell was within the amplifier noise. 
The second trace in Figure 6-11 shows the relative number 
of photons that were able to penetrate the test cell 
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° 
laser mixture. The absorption in the 1200 A window was 
approximately 90%, yielding an absorption cross-section 


of about 10m. cm in proper agreement with the expected 


Valueicr about /1x< noe 2 ene [58]. The last trace in 
Figure 6-11 reveals that photoionization occurs for 
short wavelengths in the 1200 A window, and also for a 
portion of the spectrum at longer wavelengths between 
1650 A and 1900 A. 

Figure 6-12 reveals that a trace amount of 
(probably about 0.01 torr) tri-n-propyl amine significantly 
increases the ionization in both bands. It also broadens 
the bands. Further reduction of photon intensity in the 
1200 A window also occurred. The apparent ionization 
around } = 2400 A was due to the 1200 A window in the 
second grating order. This was confirmed when a quartz 
window used (short wavelength cut-off of \ ~ 2000 A) 
in place of the LiF prevented ionization in all parts 
of the spectrum. Note the dispersion increase by a 
factor of 2 in accordance with Equation 3-71. 

Figure 6-13 shows the wavelength distribution 
of photoionization in the independent laser gases. A 200 
volt collector bias was used for all three cases. The 
N, and He pressures were 15 torr and the CO. pressure 
was reduced to about 2 torr in an attempt to reduce the 
total absorption. This made the co, result more com- 
parable to the other gases in terms of photoionization 


wavelength distribution. The distribution is seen to be 
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the same in dd the gases andicating that the von zang 
species is common. The N, and CO. photoionization spectra 
show much the same intensity as well as wavelength dis- 
tribution. These spectra are comparable to the ioni- 
zation spectrum obtained when the test cell is being 
Maintained at low pressure by the diffusion pump. How- 
ever, under vacuum conditions the photoionization spec- 
trum is only about 1/3 as intense as for the case of N, 


or CO,. The increased intensity with the introduction 
of co, or N, has been attributed to increased con- 
tamination from impurities inherent in the supply gases 
and) possibly to ay lownsendsmultiplicatiom tacton.. Col— 
lector operation in the saturation region was easily 
obtained when the test cell was kept at low pressure 
(Tess than 1) torn)®, 

He resulted in a much stronger photoionization 
spectrum. This has been attributed primarily to an in- 
creased Townsend multiplication factor in the gas. Sub- 
sequent testing of a purer grade of He resulted in a loss 
of intensity across the entire spectrum by a factor of 2, 
This was attributed to reduced Townsend ionization due to 
increased Has Purity. This implies that the impurities 
imethemindustrial grade of Hewiinst: tested, were Ccom= 
parable in concentration to the residual impurities in 
the test cell. Consequently, the photoionization 


density was not expected to be as high for the case of 


purer He. 
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The apparent ionization for A > 2090 nq was a 
result of short wavelength light in the second grating 
order as discussed in the previous section. 

This investigation has revealed that the ionization 
spectrum, and perhaps the ionizing species, is independent 
of gas type. The photoionization cross-section increases 
with decreasing wavelength. In spite of the fact that 
there are fewer photons at the short wavelength end of 
the spectrum, the ionization was consistently greatest 
there, indicating that the photoionization cross-section 
increases with decreasing wavelength. 

The ionizing species could be some material 
that ionizes in either a one or two-step process depen- 
ding on the relative aGpheieney of these processes and 
the ionization threshold of the particle. It has been 
assumed throughout this thesis that if the photon energy 
is sufficient to ionize in a one-step process then, if 
ionization occurs, it has been a result of a one-step 
rather than a multi-step process. In addition, the 
ionizing species could be a mixture of many species at 
different concentrations, with ionization thresholds dis- 
tributed randomly through the region of observed ioni- 
zation. The possibilities are indeed numerous. However, 
some further insight regarding ionization thresholds can 
be gained by determining whether a one or two-step process 


is involved at a particular wavelength. This is the sub- 
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ject of the next section. 

Furthermore, the results presented here, clearly 
indicate that a more thorough investigation of the charge 
collection process is necessary. This has been done 


and the results have been presented in Section 6-2-5. 
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PHOTON INTENSITY AND PHOTOIONIZATION DENSITY 


vs WAVELENGTH FOR SELECTED GASES 
WITH WINDOWS 


at 
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PHOTOION DENSITY IN LASER MIX 
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Ficure 6-ll PHOTON INTENSITY AND PHOTOIONIZATION 


DENSITY IN A LASER MIXTURE Thewtiret trace as tha 
eMmussion spectrum Oli No. | The second “trace reveals 


avserption in whe test cell (2 cm) faltled with 

PO ecORETOULCOD Noe “wiv ldcer iI XLT et. site 
lower trace reveals the photoionization spectrum in 
this) mixture. 
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PHOTON INTENSITY AND PHOTOIONIZATION DENSITY 


vs WAVELENGTH FOR SELECTED GASES 
WITH WINDOWS 
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FrguReE 6-12 PHOTON INTENSITY AND PHOTOIONIZATION 


DENSITY IN A LASER [tIXTURE PLUS ITRI-N-PROPYL AMINE 
The laser mixture is the same as for Figure 6-1ll. 


Approximately 0.01 torr of tri-n-propyl amine has 
been added. 
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PHOTOIONIZATION vs SOURCE WAVELENGTH FOR SELECTED GASES 
WITH WINDOWS 
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FirGURE 6-13  PHOTOIONIZATION SPECTRA OF THE INDIVIDUAL 
LASER GASES TherN vend Hey were presente dc. cpLessure 
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6-2-4. Photon Production and Photoionization Mechanism 


The assumption that hard ultra-violet produc- 
tion was a linear function of the discharge current was 
made on the basis of data. presented in Section 5-7. The 
electron density was observed to increase with capacitor 
charging voltage for constant L and C. Since the peak 
discharge current was linearly dependent on the charging 
voltage, then the photon production was assumed to be 
linearly dependent on the peak discharge current for a 
one-step process. Subsequently it came to the attention 
of the author that the photon production may be dependent 
on the peak rate of current discharge, rather than the 
peak current discharge. The peak rate of discharge has 
been shown to also be linearly dependent on the charging 
vVoLtage £OG Constant ¢ and lL. 

Such a dependence would provide a major design 
CEitetlantor whewspark driving CircullLLy.s Sunder ssuch 
conditions, the seduction Of cikcuit Anductance to provide 
a fast discharge would be even more important that dic- 
tated by peak discharge current requirements alone. Hence, 
an experiment has been performed to determine the actual 
dependence. Simultaneously, the electron density in He 
was measured allowing the confirmation of a one-step 
photoionization process. This has been discussed later in 


this section. 


For a typical R-C-L series circuit, the current 
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wave form for the underdamped case (low R) is: aa! 
C Wee 2 
iL = Ve (7) exp (-Rt/2L) SiLial ee 6-1 


and =the rate ot change of current is given by: 


The maximum value of the current occurs approximately when 


 eomeies) a 5 
. Loe Bie mR ,C,1/2 7 
these = Main? exe|- BES) | on 


For large L and’ small R Equation 6-3 reduces to 


| oe fee 
*max Mg Sie Gad 


The maximum value of the rate of change of current 1s 


di = US 6=5 
ae itu 
max 


The nature of the L dependence can be best revealed by a 
logarithmic plot. Taking the logarithms of Equations 


6-4 and 6-5 results in: 
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= fie 1 
dn: beats = in ve © 5 a ae A, 6-6 
di = 
In a seal ee 6-7 
max 


hE the photorm output 1s proportional to i then a plot 


max 
oneal Bal Me against ln L would yield a curve with a slope aS 
However, if it were proportional to = then a plowlor 


in BS against ln L would yield a slope of -1l. Ms is the 
total number of photons produced. 

A number of air core inductors were made and 
the value of inductance measured. These were inserted 
one at a time in series with the discharge capacitor and 
spark source. The resulting photon output was measured 
at two different wavelengths (A = 1180 A and } = 1750 A). 
Because photon output diminished dramatically with in- 
creased L, a bandwidth of 50 A had to be used in order to 
obtain good signal strength. The tungsten pin spark plug 
in a No enviroment was used for the source. 

The results of the test are contained in 
Figure 6-14. A slope of “5 has been obtained for both 
wavelengths indicating that the photon production was 
DECpOGEVONal tO peak CULLeENt as assented am Section 5-7. 
The departure from the straight line of slope > For small 
Valles Of Gb was a result of the breakdown) of the assump— 


tion made to obtain Equation 6-4 from 6-3. The exponential 


term became significant for the smallest values of L used, 
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and it served to reduce the maximum current faster than 


Ll/2 


dependence. The measured values of the inductors 
employed agreed within a few percent of the values cal- 
culated from the current waveform. The conclusion reached 
here is in agreement with the information in Figure 6-15. 
The integrated photon signal and spark discharge current 
waveforms have been displayed simultaneously with a dual 
beam oscilloscope. The photon output peaks correspond to 
the discharge current peaks. The photon output minimums 
correspond to the zero values of the current where the rate 
of change of current is maximum. This typve of photon signal 
was typical of all wavelengths. The weaker photon signals 
were somewhat smoothed out and the peaked structure was not 
sO visible. 

The same experiment lent itself to determining 
the dependence of photoelectron density on photon strength. 
Pelbingstnemeesteccla with US torr of He did-not result in 
any measurable absorption. Consequently, the photoelectron 
density as a function of photon intensity was determined 
simultaneously. | Iimtroduction Of Li in the circuit served 
tomvary, the photon intensity. A collector bias voltage of 
2900 volts was employed and Townsend multiplication was assumed 
to occur. The multiplication factor was constant and so 
relative values were unaffected. Even though a 50 a band- 
width was used, the signal was not sufficiently strong in 
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However athe jcollector could be gated open for 80 ws se@hisc 
Was PSUrEIG@enterime to collect all -ellectrons, even for the 
Jongest sparkedascharge intervals, where larger values of 
inductance were used. Knowledge of the relationship between 
photon density and photoelectron density can be shown to 
heovedle Eieenature, Of che photoionizatvom process: 16, 7,231. 
Electron loss has been assumed to be negligible 
for the low density of charged particles under consideration 
here. The photoelectron generation rate for a one-step 
process is given by Equation 5-46 rewritten here for con- 


venience 


dn 
eS 
6he Ay a 


There is no need to consider only average values in this 

O 
case because of the improved wavelength resolution (50 A). 
In addition, the photon intensity has been electronically 


mceqrated, | The Solution to Equation 6-8 is: 


n = 0.nN Sy) 
Jt 
where Idt _ yw [em~7] 6-10 
hv p 


N is the total number of vhotons collected within a given 
p 

bandwidth per shot. Since O. and n are constants the total 
number of photoelectrons produced per spark must be propor- 


tional to the total number of photons incident on the test 
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gas. Since the test gas has been observed to be optically 
thin, photoabsorption need not be considered. 

The situation is somewhat different for a two- 
step process. An intermediate bound state in the ioni- 
zing species may be excited by a photon in the line width 
of the transition. A second photon of any frequency of 
sufficient energy may then ionize the excited particle. At 
the gas pressure under consideration (15 torr of He) the 
line width is determined primarily by collision effects. 
50 MH/torr is a reasonable value for collision broadening 
ILGr/ Ole "At U5 torr the linewidth vs only 7509MHz. The 
amount of light in so narrow a band was very little and 
so a two or multi-step process was not expected to have 
been operating. The two-step process can be most readily 
analysed, if the photon intensity over the duration of the 
spark is considered to be approximately constant. The 
rate equation describing the population of the excited 


intermediate state is: 


One sea. pe Ge tals © Jue 

cy Bee Ge ee Seals 
t, = lifetime of intermediate state [sec] 

m* = density Of excited intermediate state [om >] 
Ee =saverage photon <luxsover the availabie 


bandwidth, We. I has been assumed to be 


-2 -1 
Constant wWengweme=sec —h. 


The rate of appearance of electrons can be described 
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excited intermediate state [om?]. 


Equations 6-11 and 6-12 can be combined and 


algebraically manipulated to read: 


dn* 
it oe, ay MI LES ps hie 
hv Af im hv 


The variables have been separated and a solution can be 


obtained from standard integration tables [70]: 
i 
ihe (Ce)) = ny) Af 
ay. io peer (Lag ae 


Substitution of Equation 6-14 into Equation 6-12 yields: 


I pOo2 no * so 7a 
dn. = ‘hv? zs Af |1 -exp- [1 I a We || the 
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The solution readily follows: 
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The constants of integration for Equations 6-14 and 6-16 
have been obtained by applying the initial conditions. 
ieee Oe ne Oyn = 0. SE Urthermore, Equations, o-—l4eand 


6-16 apply only for the duration of the spark. 
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Two limiting cases can be considered: 
(1) The radiative lifetime of ordinary bound states is 
8 


very short (210 ~ sec) and so ca >> oO. *— 
a rhe Tene) 


Consequently Equation 6-16 reduces to 


is 2 
Tete) (5) no,tor AY Ty tg ony 


ta = spark duration time [sec]. 


n, (tq) is the total number of electrons produced 


during the spark discharge duration, ta: The charge: col 


HECEGS OUltput is Propertional to n, (tg). Also the photon 
: If 

counter output, Bw is equal to ta (Ay). The important 

feature here is that the electron production is proportional 

to the square of the photon intensity. 

(2) For a metastable intermediate state where To is con- 


sraeEably sanger than in case! (1) Yor sor 7a very imtense source 


then one may obtain 
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For very Jarge values of photon dntensity the 
term containing the exponential goes to zero and the e@lec- 
tron density depends only on the first power of the photon 
intensity. For intermediate values of intensity the elec- 
tron density exhibits an exponential dependence on photon 
intensity. For the low values of photon intensity employed 


in the test Equation 6-18 can be reduced to: 


ne (te. = no Ay ie ee al ie I) 
<i (i ta =.) 
L 
4 8 
HOG wey pil Cala values ob in i(b.) 290 “ands st. 5= 10) 7 o.* 
ed Ay j 
would have to be unrealistically large. Consequently, a two- 


step process via a metastable intermediate excited state 
can not be considered as a candidate here. Furthermore 
it would be unreasonable to expect that long lived, easily 
excited, metastable states would be readily available across 
the entire spectrum (1150 A O10 ye 

Figure 6-16 reveals electron density 
versus photon intensity characteristics for center wave- 
lengths at 1180 A ana =7/.50 A respectively. The plots 
are both linear revealing that the photoionization follows 
a one-step process in accordance with Equation 6-9. The 
steeper slope in Figure 6-15(b) reveals that the process was 
more efficient for the shorter wavelength light. ‘The 
test bandwidth was only 50 A so it is possible that. a two 
or multi-step process dominates in another portion of the 


Spectrum.  sHowever, Coliparisom Of the other regions Of fhe 


nododes ae sonnittege® La}. ae i 
be vot que qeLeneems, Sint vo a 


™ 


‘eal ms “+ ae ga cone ays 2 


i i 
| . PVC en” fe 


me 75) B ve: has Pit “ U ag? } mL So 2eulev tesage: son 
VC - Ts : 
ate? a4 Hippgeao .oo385 cilasigebieniar pd: g2 svat - Ba 
é 7 


' 
vtete bebioxe stelbamietat aldegen som ® niv a2enctg Gase 
7 a | 


sieried $i4 ;o1a0 #3ehhbre1) sh as trash ienss a Sorts 


vliene ,Bevidgeol Gan? goegen 3 eidenoesaapl od sine 
satine oidalieveyiibson od fLiow septs ta, aldsigeren \ boast 
i . ) 


\ 


i F ? 4 
Lh CONE & «© & Oil) muszoeqe aud chute) 


Ytteteh nortosis etsoves ai-8) axupes 


ay se ine G02 sorte Lungaetsle Pr oan 
drolg ay .clovisnaque A OE) ban r GOLL ant 
awolied, aobdamino.tososq. out: tads posinovex soouth 9 


4 , 


att (EB metocpa ddiw sordbaenan ni aeenotg” Ds 


7 


ew Simmel aA Rutt ‘eioayes (c98E0: one lt ney . a = s. 


aie sae. Aipautenah 3ea%B enare noted ts 
qaare 2 
ows 4 Paes tie anh ak, oe als a tw 


! 
im t a 
= 


Se 


spectrum to the two regions presented, has revealed no 
differences worthy of implying anything other than a one- 


step process for the entire spectrum. 
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6-2-5. Charge Collection Characteristics 


Increased charge collected with increased col- 
lector bias voltage prompted an investigation of the vol- 
tage-integrated current characteristics of the charge col- 
lector. The results appear in Figures 6-17, 6-18 and 6-19 
for the three independent laser gases. The collector plate 
separation of 2.54 cm has been used to convert the bias 
voltage to electric field E. The tests were performed 
uSing a N, source with a LiF window. The grating was 
centered on} = 1800 A with a bandwidth of 50 A. The test 
cell was evacuated and refilled with fresh gas for each 
test in an attempt to prevent degassing impurities from 
accumulating. Overnight pumping with the diffusion pump 
reduced the impurity level so that a relative ionization 
reading of approximately 2 was obtained, 

If the test cell was then isolated from the 
pump, the ionization increased to a reading of approximately 
6 an about. 2ehours,, sOver a period of 48 hours sthe isolated 
test..cell leaked up 0.1 torn.) An Jonazation test resulted 
in a reading of 60. The gas was subsequently pumped out 
and ereplacedswith 0.1. torn Of salir. “ihe resulting 1oni— 
zation then dropped to 4. Consequently, it was assumed 
that the gas was largely a result of a virtual leak as- 
sociated with absorbed gases. Unfortunately, a significant 
quantity of material that readily absorbs and releases gas 


had to be used within the test cell. Teflon was used to 
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FIGURE 6-17 CHARGE CoLLECTOR CHARACTERISTICS IN HE 
The numbers on the curves denote pressure in torr. The 
VenerGak Scale as the output voltage (70.2) referred to 


maximum charge collector gain. 
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Suppertethe collector: electrodes and to insulate: the 
leads." eThe) preamplifier had toxbelplaced inside the est 
cellsto: reduce noise’ pickup and input capacitance, This 
was COnStructed en a print circuit’ board backed with 
fiberglass. Hence, a large degassing rate was expected. 
Since each test required 1/2 an hour to perform, then about 
One micron of impurity could be expected to have accumu- 
fated aeelhe supply gas Nad van inpurity rating Of “about 
20 ppm [59] and so the impurity concentration in the 
test cell would be approximately constant at low test 
pressure, where it would be dominated by the background 
impurities. However, at high pressures, it may vary with 
EnewECSE Gass pressure.  sWIthethis as aestanting point an 
analysis of the collector characteristics can be attempted. 
For each of the gases, the collected charge 
eventually increased exponentially with the bias voltage 
until gaseous breakdown resulted. This region of op- 
eration was clearly the Townsend avalanche region. For 
lower values of E/P, the curves were expected to become 
horizontal, indicating operation inva “saturation mode? = 
the desired condition. Furthermore, for low pressures at 
least, the saturation level was expected to be approxi- 
mately constant with pressure as a result of domination 
by background impurities. Only in the case of N. bial 
Figure 6-19 is this evident and then only marginally. The 


curveswexhnibit a flat.“portion around E/P — 10 anda 
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relative charge density of 4. For the lesser values of 
B/P ye tne collected charge continued to drop off, although 
not so rapidly as for the large E/P. An electron loss 
mechanism has been assumed to be responsible for this. 

As the E/P value increased, so did the electron drift 
velocity and electrons were collected in a shorter in- 
terval. Therefore, the electron loss mechanism operates 
for less time and less electrons are lost with a cor- 
respondingly greater amount collected. In order to 
nullify the loss mechanism a large E/P appears to be re- 
quired. However, before the E/P has been increased suf- 
ficiently to obtain saturation, it has become sufficiently 
tar gea tO LesultaiiamUle lp licdt tOneby . ener LOwnsencdsava— 
lanche mechanism. Only in the case of N, has there been 
an indication of a saturation region. 

As mentioned in an earlier section the amount of 
charge collected did not increase with collection time 
beyond a critical value. For most of the data obtained, 
the required collection time was less than the minimum time 
that could be resolved with the electronic gating device 
C7 Ws). Only for CO, at the lowest values of E/P was a 
eollection time of 30 ito 40 Wis required.) These values 
Correlate withrelectron drict velocity data in the 
iterature [(417,56].. A consideration of the electron drire 
velocities [41,56] and the plate separation (2.54 cm) 


reveals that the collection time would have ranged from 
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approximately 2 us to 40 us depending on the gas species 
and E/P. A gate time of 80 us was used throughout to 
assure that sufficient time was allowed to collect all 
electrons. Charge due to positive ion collection was in- 
Significant for the lower values of E/P, For the higher 
values, the positive ion may be collected in 80 us depen- 
ding on their mass. However, this would result in no 
more than a factor of 2 increase at most. 

The candidates for electron loss processes are 
the same as the ones discussed in Chapter 5. These are 
diffusion, attachment and recombination. The recombina- 
tion coefficient decreases with electron density [41] and 
for the low densities and short collection intervals con- 
sidered here, recombination would be much too slow to be 
a Significant factor. Attachment will depend on the 
concentration of an electronegative species and the elec- 
tron energy. This is particularly evident in Figure 6-18 
where the number of electrons collected actually drops 
for particular values of E/P. The electron energy cor— 


responding to the E/P values at the valleys can be ob- 


CRG! 


tained from values of the Townsend energy factor available 


in the literature [41]. The valleys obtained here do not 
line up with the peaks in the electron attachment cross- 
section versus electron energy curves for CO. [So]... “this 
may be due to the complex electron collection mechanism 


and to Townsend multiplication, However, besides the 


valleys in the co, curves, the problem of increasing signal 
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strength with increasing E/P was evident. The only 
other electronegative gas that may have been present 
was 0, However, no more than a few microns of 0, are 
likely to have been present resulting from gas supply 
contamination and residual 0, in the test cell. Even 
considering the largest collision attachment cross- 
Section £07 0. occurring at an electron energy of 7 eV, 
One obtains negligible loss in 80 us. 

The only remaining candidate is diffusion. The 
volume between the collector electrodes is essentially a 
parallelepiped being 12 cm x 2.54 cm x 10 cm in dimension. 
The diffusion equation can be found in Section 5-4 and a 
solution can be obtained in a manner similar to that out- 
lined in Section 5-4, Reena rather than cylindrical 


coordinates are more appropriate for this application, 


however. The solution is given by: [41] 


n(x,y,zZ,t) = De Ss Deane gre XD atv) 
ale j=1 k=1 


6-20 
where 
a 2p. 23-1 2k-1 
Cae ea = Sa cos (25) 1x cos (7h \ry cos (2E=*) na 
6-21 


and the time constants are given by: 
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a= 2.554 cm 

b = 12 cm 
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The measured collection intervals indicate that electrons 
can diffuse independent of the positive ions and can there- 
fore be relatively fast. Also the mobility concept for 


electrons applies and one may write: 


Vg = KLE 6-23 
Va = electron drift velocity [cm see] 
K = electron mobility [em Yole gee "| 
E = electric field [volt ei) 


and for electrons not in thermal equilibrium [41]: 


Me e 
oe eee 6-24 
De nkT 

m = Townsend energy factor (the ratio of 


electron energy at an elevated temperature 
to the electron energy at ambient tem- 


perature T). 
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k = Boltzman constant [erg ee) 


e = electronic charge [coul] 


Combination of Equations 6-23 and 6-24 results in: 


Le en 2 ee 6-254 
i Ges Bey 


values of Va and n can be found in the literature [41, 

50] and these are tabulated in Table 6-1 along with the 

resulting values of D for the ps ~and B/Ps of interest. 
The electrons are photogenerated with sharp 

boundaries as a result of the wedge of photons effectively 

emitted by the monochromator slit. The nonuniform 

spatial distribution can be expected to exhibit high 

mode diffusion in all three dimensions. Consequently, 

the diffusion time constants have been calculated for 

de= 3) = k =] 92. For H7P = 10,.the first term in Equation 

6-22 has been omitted. For large E - fields, back dif- 

fusion should not be significant, The time constants 

appear in Table 6-2. The electron clearance time, ver 

defined as the distance between the plates (2.54 cm) 

divided by the electron drift velocity has also been in- 

cluded in Table 6-2, The factor exp WN Eo represents 

the loss aue to difiusion during the clearance time. The 

factor has been calculated and tabulated in Table 6-2. 


Having completed the table in this manner it becomes quite 


obvious that diffusion losses can be extreme. The table 
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also reveals that the way to combat the diffusion losses 

is by operating the charge collector at high P (to reduce 

D,) and high E/P (to reduce t.)- The values of E/P and 

P required by Table 6-2 for exp Seay acu ~ 1 (no losses) 

Can be seen to be in the vicinity Of the onset of Townsend 

multiplication evident in Figures 5-17, 5-18 and 5-19. 
ADMOre accurate account Of difttusion Losses coulid 


be made if one considered the kinetic equations governing 


the photoelectron production along with electron collection 


and electron loss, Suchran equation can be written as 
follows: 
dn dn dn 
é e e 2 
= —— ———— iD Vn [6-25] 
dt at) prod a e e 
dn 
where € = I(x,y,zZ,t) OF 18 [6-26] 
dt hv 1 
prod 
dn, leap aa [6-27] 
—— — V 
dt | ¢o11 
V = volume containing the electrons [ome 
A = cnarge collector area cea] 
eS total number of electrons within V. 


n= total number of particles capable of being 
ionized in the volume swept out by the photon 


beam. 
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Equation 6-25 becomes: 


dn n A 
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Equation 6-28 can be simplified by assuming that 
I(x,y,2,t) is very short in time and has gone to zero 
berore Significant ‘collection or dretfusion has taken 
place. An exponential time dependence can be assumed and 
a solution similar to Equation 6-20 follows, except that 


yA 
1 ae bids 
AV 


is replaced by in Equation 6-22. 


Vigk "ijk 

The method has not been pursued however, since 
the previous analysis served well in identifying the sig- 
nificance of diffusion and more rigorous mathematics is 
not warranted. Furthermore, the simplifying assumption 
of a fast light pulse may be justified mathematically 
but not physically. The collection of electrons as they 
are formed, and the dispersion of the ions to fill a 
larger volume keep the density lower than it may otherwise 
be. This tends to prevent the development of space charge 
limited collection. 

Consideration of the first Townsend ionization 
coefficient leads to initial electron densities and satu- 
ration points in agreement with those predicted by the 
diffusion analysis. However, the correct form of the 


avalanche equation must be determined by taking the initial 
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Spatial distribution of the electrons into account. The 
volume density will be in the shape of a wedge symmet- 
rically uniform about the mid plane between the collector 
eleéctrodes7.- lors isla llustrated ain Figure 6-20.) (For 
avalanche multiplication of the electrons in the volumes 
designated dno and dn 5) one may write the total number 


of electrons reaching the collector plate at y = f as: 


dn, = (dnoj +f dn.>) expla, (f-y) ] 6-29 

where 
Beol by 

dn oy = heat pase Ci) ( aa ~ b) dy 6-30 

and 
_ @02 by 2 

dn 5 v (1) ( oes »] dy 6-31 

Wh =a eyes) 6-32 

@. = Townsend £irst ‘Lonization coefficient fone oy 
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The wedge defined by the photon beam was about 1 cm in 


depth. 
Equation 6-29 becomes 
d 
fe) 
n 
n_ = —<° exp (af) yy. y 
e d egy | aPC aA NChY Sat har ts 
/ 
Ys -a 
exp (-o, y) dy 6-33 
The solution is given by: 
exp (~a, d) + exp (a,d) -2] 
ys ae aD exp (a, £) ~~ oetge SCS 6-34 
Dee initial total number of photo electrons 
Also lam Hs a0 exp (a, f) as required. 


d>o 


This can be seen to be true if exp (a,d) and exp (-a, d) are 
approximated by the first two terms of the Taylor series 
expansion about zero for these functions. 

Since Nog can be expected to be proportional 
to the density of the ionizing species, n, then a know- 


ledge of n would permit the determination of a4. However, 
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the only information available about n is that it is 
approximately constant for pressures up to approximately 50 
torr. For the larger pressures under consideration it can 
also be assumed to be constant since the error would be 

no more than a factor of 2 or 3. The functional dependence 
of a, can be found in the literature [51,52).) The important 


feature is that a, /P is) constants for Constant, E/P. 


Consequently, one may write for constant E/P: 
Oe ee, 6-35a 


where k; = constant [om eoren ae The factor k, can be 
determined for any two points on the curves in Figures 
6-17, 6-18 and 6-19. The two points must have a common 
Value of E/P thus requiring the pressures to be different. 
Of course the points must be located on the avalanche 
portion of the curves, The values of k, can then be deter- 


mined from a ratio of Equation 6-34 at point ( eee) 


aie Mel 
Equation 6-34 at point (Po, No») The two points are 


for constant E/P. The resulting equation is: 


exp (-k.P,d) + exp(k.P,d)- 2 
—z exp[(P,-P,)kjf a 
5 exp (-k,P.d) + exp(k,P.d) -2 


'-35 


For constant ionizing species density with gas pressure 


Noo1 = eQ2 and Equation 6-35 can be solved for k; by 


trial and error. This has been done for a number of gas 
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pressures and values of E/P and the results have been 
tabulated in Table 6-3. Equation 6-34 has been employed 


tO ind 1s having determined ks for the point (Py, 


Me9! 
or (Po, Noo) on the curve. These have also been tabulated 
in Table 6-3. The k Values ‘are about, a factor of 3 {Co > 
larger than the values available in the literature for N, 
and Hew (51,52). *Such-an increase can be expected for the 
contaminated gases used here. 

The small variation in Noo obtained, provides 
further evidence that ionizing species density was ap- 
proximately constant, This can be seen to be particularly 
CLUGCEILOr Ny and CO.- Good correlation between the dif- 
fusion loss and Townsend multiplication analysis has been 
obtained. Table 6-2 indicates that for the conditions of 
P and £/P for N, and CO. in Table 6-3, no diffusion loss 
should occur.) the values of ste obtained for Ny and CO. 
can be assumed to be the result of collecting all of the 
photoelectrons produced. The equality of the values for 
CO, and N, further substantiates that all electrons have 
been collected. The assumption of constant ionizing species 
density requires equality to hold for all qases and 
pressures. (The photoabsorption of co, in the A = 1200 A 
window can be considered to be negligible for the low 
pressures under consideration.) Correlation within a 
factor of 2 or 3 has been obtained between the nea values 


in Table 6-3 and the section of flat curves in Figures 


6-18 and 6-19 for CO. and No respectively. He however, 
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does not follow the pattern. The nonconformity can be 
attributed to the large first Townsend ionization coef- 
ficient "“characteristic»of this gas; “Table 6-2 indicates 
thaw for the srange of ‘P and E/P considered for He in 
Table 6=3 *dittusion loss may Still be significant, ~Con- 
sequently, as E/P is increased Townsend multiplication 
becomes significant even before all the initial photo- 
electrons tcanmbe collected.” This is further evidenced =by 
the lack of eventshort, horizontal “intervals in the curves 
iner Lgure (6=1)7 stor He: 

in Spitevor the iact wthat uncertainty Of collector 
Saturation precludes accurate calibration for the indepen- 
dent laser gases, useful information has been obtained, 
The photoemission and snoleotienileeyetien spectra have been 


identified. CO, controlled photoionization by photo- 


2 
absorption has been substantiated. Furthermore, background 
impurities have been found to dominate the ionization even 

in the case of the test cell that could be maintained at 

10°° torr with a diffusion oump. This can be assumed to 

apply to lasers as well, since most CO. TEA laser devices 

are contaminated and do not generally have good vacuum 
integrity. The contaminant Species may vary L£romelaser 

to laser depending on the construction materials used, 

Detailed information about one device may not necessarily apply 
to another. However, for very clean laser systems the | 


impurity inherent in the industrial grade of He may 


dominate the ionization. The lonizing species can be en-= 
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riched in a flowing system where the He is exhausted 
through a small orifice. The effect was observed after 

He had been passed slowly through the test cell for a 
number of hours, Furthermore a strona photoelectron 

Signal was obtained which dropped off around A =1600 A 
indicating that this may have been the ionization potential 
of the enriched species. The measurement was made at 


Porte. The effect was 


Pee loctore end fy P= levyolt “cms 
not observed when a purer grade of He was employed, 
nor wasS it observed in CO 


Ob aN However CO, and N. are 


2 2 2 
known to have a much higher viscosity than He and the im- 
purity enrichment would be much more difficult [77]. 

The study of photoionization in laser mixtures 
containing known concentrations of additives represents a 
more practical situation in view of the poor performance 
by the independent laser gases in supporting photoioni- 
zation. The resulting photoelectron signals were 
relatively large and easy to monitor being well removed 
from the amplifier noise. Furthermore, collection operation 
in the saturation region was found to be the rule rather 
than the exception, thus allowing calibration of the 1oni- 


zation spectrum. The results of the tests have been 


presented and analysed in the following sections. 
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6-2-6. Calibration of the Electronic Recording Devices. 


Low concentrations of certain additives in the 
test cell resulted in a dramatic increase in the amount 
Of charge collected. Furthermore, charge collector 
operation in the saturation region was obtained with ease. 
For the calibrated charge collector operating in the 
Saturation region, the absolute number of photoelectrons 
produced can be determined. In addition, calibration of 
the photon counter to determine the number of photons 
incident on the sodium salicyalate scintillator, allows 
the photoionization efficiency to be determined. This in 
EUs al lows for sthe calculation of photolonizationucross— 


sections. 


Charge Collector 

The calibration of the charge collector requires 
that the transfer function of the device be determined. 
The transfer function can be obtained relatively easily 
by considering each component in Figure 4-3. It should 
be pointed out that the following calibration procedure 
allows one to determine the amount of charge that has 
been collected. (Only fom collection operation» in the 
saturation region is this quantity equal to the amount 
GE Charge produced by photoloni zation. The final calib— 
ration formula can be best appreciated by considering the 
following sequence of events with reference to Figures 


4-398 A-Ay and 4-5. 
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During any given spark discharge a certain number of 
charged particles are produced in the test cell, . In 
a completely general situation these charged par- 
ticles may be either positive or negative or a mix- 
Cure Of “particles Of opposite? polarity. “Furthermore, 
the charge of the particles may be any integral 
number of the basic electronic charge. The charged 
particles will immediately respond to the applied 
electric field. When all of the charge has been 
Swept to the cdllector plate, the front end capaci- 


tance, will have charged to a voltage, V;° 


|Q| is the summation of the absolute value of the 


Charger on the chargeds particles. (icoul |. 


The acquired voltage was then amplified with a pre- 


anp Of gain Goi 


Bandpass filtering to suppress noise was optional. 

At any rate the filter stage had a gain of 0 db (X 1) 
so consideration here is immaterial. High gain am- 
plification followed. Three values of gain, Seo 

could be selected as desired. These were 21 db (X 11), 


20).d6 (32) ,,and 40 Gp (% 200)i4 invaddition, the an- 
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plifier section could be bypassed yielding an effec-— 
tive value of Sp =0"db (xX). Uhe resulting voltage 


Signal can be written as follows: 
a VEE Ke) 
, a ge 


(4) Voltage V5 was then coupled to the x-y recorder by 
an optical transmitter-receiver device. The gain 
of this section can be represented by Gee Finally, 
the relationship between the output voltage monitored 
On an x-y recorder and the total charge produced can 


be written: 


Staats Cy Gil ete oe 
This can be rearranged to read: 
WE AS 
an Ont 
let hie aGarGes oe 
eS PA ere 


Equation 6-40 is completely general for any 
type of charge configuration. However, for all cases 
under consideration in this thesis, the positive charged 
species are singly charged positive ions and the nega- 
tively charged species are electrons. Furthermore, the 
total number of each species must be the same. The 
quantity of interest is the total number of electrons 
Produced. Lf the total charge collected has resulted: from 


collecting all electrons and all ions, then the total 
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number of electrons can be determined by dividing 


Equation 6-40 by 2e: 
0,” gverG =Gr.c 
q+ g 


However, the observed collection time has precluded sig- 
hificant 10n collection in most cases. The total number 


of electrons would then be given by: 


WAC: 
Oo 


i 
n = 6-42 
eo e pal 2uer 
= =e , 
e = 1.6 x 10 coul (electronic charge) 
In addition, for all tests performed, oak = 40 db (x 100) 
and G was experimentally measured to be-12db (x 0.25). 


ele 


the front end capacitance consvsts of a. 10cm) length of 
coaxial cable and the parasitic input capacitance of the 
operational amplifier employed. Measurement on a 
capacitance bridge yielded a value of 13 pf for Ci as do 
independent calcualtions. Under these conditions, Equ- 


ations 6-41 and 6-42 become respectively: 


6 us 
n = 1.63 x 10 ~— 6-43 
eo G 
q2 
6 V 
n = 3.25 x 10 2 6-44 
eo G 2 
gq 
where G is the desired gain Setting, and Mes is the out- 


G2 


put voltage monitored On an x-y recorder. 
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PHoton Counter 


As for the case of the charge collector, calib- 


ration of ‘the: photon counter requires a determination of 


the transfer function. With reference to Figures 4-1 


and 4-2 one may proceed by treating each component 


separately. 


(1) 


(2) 


(s)) 


Consider a beam of photons of frequency v and inten- 
Sity af(t),"incident on the scintillator surface. 

The beam of photons diverge to an area of 1 om? on 
the scintillator surface, which has a diameter of 
Pes cm. Consequently, all photons fall on the sur= 
face of the scintillator. The incident power is 
I(t) watts. 

Division of the photon energy in Joules yields 

(te) 7/hy photons per second incident on the scintil— 


Taetors: 


a3 


Multiplication by the scintillator "quantum efficiency" 


Ie) 
hv 


photomultiplier cathode. All flourescent photons do 


&, yields €& photons per second incident on the 
not strike the photomultiplier cathode, but the loss 
has been incorporated into the "quantum efficiency" 
—&. The perspex substrate and quartz window on the 
photomultiplier tube are totally transparent at the 
fluorescent frequency. 

Multiplication by the energy of “che fluorescent 


photonsin joules yields T(E} ev watts incident on 
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the photomultiplier cathode. 
Vs Is thegirequency of the fluorescent photons. 
(3) Curbent generated at the input, of the photomultiplier 
tube, ij? is given by: 


JE Gey es AY 5 S, 


i, SS er pee 6-45 
Vv 


where S, is the photomultiplier cathode sensitivity 
at the fluorescent frequency. 
(6) The photomultiplier output current, ioe can be ob- 


tained by multiplying the photomultiplier current 


Gain; Gol: 
iG) ee hve SeaG 
i, = See 6-46 
re) hv 
(7) The output current is transformed to a voltage Voi’ 


by resistor R wha) devalve ulate) Zee 


76 
= 6-47 
Mea T(t) hy, S, Gy Roe 


hy 
(8) The resulting voltage signal is then amplified by 


an amplifier of gain fa 


7 Ha Gey Ne Av 5 So rent Ro¢ G 5 
V Se 6-48 
pl hv 


Two values of oe can be selected. These are 23 db 
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CS) at is then integrated with an operational amplifier 
with capacitive feedback and resistor input [78]. 


These components are Cae and Rog in Figure 4-27 


6-50 


Only the photon intensity is a function of time. 
The sampling time is long (100 us) compared to the 
spark duration (5 us) and so the integration effec- 
tively Goes lomintinity. 

(10) Finally, the total “amount of energy incident on the 
scintillator surface can be related to the output 


voltage, a GeEcorded (by *ane<—y =pecorder. 
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(11) Division by the energy of the photon incident on 


the scintillator yields the total number of photons 


aneczdent on, Ene scintillator, Or 


Vue on 4G 
iG. Soa 


For this work, wavelength rather than frequency has 
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been used to characterize the photons. 


is as follows: 


Cc = 


> 
II 


Equation 6-52 


Equations 6-52 and 6-53 are independent of i. 


The relationship 


= Gc 
Reape ta 
Ss 
8 -1 : 
3 x 10° m sec (vedoOuity Of liche) 


=) 
4200 x 10 ° m (average wavelength of the 


fluorescent photons [37] 


becomes: 


Splesicace s 
Paces aac erences 


THis 1S a 


direct consequence of the"quantum efficiency" of the 


scintillator being independent of i. 


in Equation 6- 


p2 
h 


All 


exception of G 


Most of the terms 
53 are known. These are listed below. 
='.2..2 Kohms [from Table 4-1] 

= 910 ohms [from Table 4-1] 

[from Table 4-1] 


STI ve hie 


= 1000 pf 


ue bee) 


i 


Ey Ge ns ae Gees [79] 


= 0.064 watts ee manufacturer's speci- 


fication [98] 


=x L4AS2 On x AS 
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= 6.6 1.0 : 


gJsec 
terms have been assigned values with the 


and &. “The photomultiplier tube current 


pl 


336 


Planck's constant [79]. 
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gain has been specified by the manufacturer to be 

con ra oe less TO" £Or a —-1500 volt bias: The gain at-other 
photomultiplier tube bias voltages have been experimen- 
tally determined relative to the value at -1500 volts. 
These values appear in Table 6-4. The only remaining 

Lerm LOVbe: assignedla value is.) "the scintillator “quan— 
tum 6fficvency". Calibration of the scintillator under 
experimental conditions would be a difficult task requiring 
the use of a fast absolute energy meter. However, the 
particularly amiable properties of the scintillator 
employed have allowed a calibration by a relatively simple 
technique uSing a Hg-vapor lamp. 

Sodium salicylate has been used as the scintil- 
lator throughout the project. A layer thickness of 1 mg 
cna has been shown to be the optimum thickness for the 
highest quantum efficiency [37,46]. However, the maximum 
is quite broad [37,46]. The sodium salicylate was de- 
posited on a perspex substrate 1/4 inch thick, by spraying 
methol alcohol saturated with sodium salicylate onto the 
substrate. A heat gun was employed to facilitate 
6évaporation of the alcohol. The method has been des- 
cribed in the literature [37,46]. Three separate coatings 
were prepared each about 1 mg cm? in thickness. Little 
difference was observed between the samples. In all cases 
the efficiency dropped by about 25% after exposure to the 


test environment for 48 hours [37]. However, after this, 
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Table 6-4 


Photomultiplier Current Gains 


Gage 4 x 10° at -1800 volts 
G1 = 8.0 x 10° at =1500 volts 
Qa = OO 10° at =1300 volts 
CR ae: 10° at -1000 volts 
G4) = 3-5 x 10° at -800 volts 


oa is the photomultiplier current gain. The value at 
-1500 volt bias has been supplied by the manufacturer. 
All other values at different bias voltages have been 


measured relative to this one. 
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the efficiency remained constant. Consequently, all 

tests have been performed using sodium salicylate coatings 
Older than 48 hours. The decay time for sodium salicylate 
rsPiess thane l2 ns (37), sufficiently fast to follow the 
temporal characteristics of the spark. Furthermore, the 
quantum efficiency and fluorescent spectrum of sodium 
salicylate can be expected to remain constant for i = 

600 A to at least A = 3600 A [375420,46,c0)\. “The ftigores— 
cent emission from the sodium salicylate peaks at about 
4200 A [37,40]. 

This last characteristic allows for the calib- 
ration of sodium salicylate at a wavelength for which the 
photomultiplier tube cathode sensitivity is known. The 
calibration can be assumed to apply for the shorter wave- 
lengths as well. A Hg-vapor lamp has been used as the 
source. The photomultiplier tube and scintillator were 
Maintained in the same position as for all tests. The 
current output of the photomultiplier was converted to a 
voltage by a resistor of value 1.2 megaohms. The photomulti- 
plier tube was operated at a -1800 volt bias and the output 
voltage was monitored with an oscilloscope. The resulting 
output voltage with the scintillator removed, Vee and 
the output. voltage with the scintillator) in place, ve ; 
have been tabulated in Table 6-5 for various values 
of wavelengths. The photomultiplier cathode sensitivities 
have also been tabulated for the various values of A(S)) and 


for the fluorescent wavelength (S,.)- From these values the 
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"quantum efficiency" has been calculated. The procedure 
can be best appreciated by considering the following 
Steps: 

With Scintillator Removed 

(1) The current at the output is given by the measured 


output voltage divided by the resistor value: 
Pe 6-54 


(2) The current generated by the cathode can be deter- 


mined by division by the photomultiplier tube current 


gain. 
“6 
I. ae 6-55 
pl 
(3) Further division by the appropriate cathode sen- 


sitivity yields the power incident on the cathode 


(Intensity) 
es 
I = R&é 5 6-56 
pl 4A 
(4) Division by the photon energy yields the number of 


photons incident on the cathode per second. 
VA 
fe) 


N = i 
RG S he 
P pl 


Wren ocintal lator 


With the scintillator in place the same formula applies, 
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NS is the number of photons per second which have been 
transformed by the scintillator and which are incident on 
the cathode. With the scintillator in place, the number of 
photons per second incident on the scintillator must be 
given by Equation 6-57. The "quantum efficiency" is simply 
the ratio of these two values. 


N 


=e PS 2s 
See 6=58 
p 
V Saas 
or f= a ae 6-59 
oO AS 


These values appear in Table 6-5 and can be seen to be an 
order of magnitude larger for the longer wavelengths 
relative to the shorter wavelengths. This can be explained 
by the transparency of the perspex substrate. The trans- 
parancy of a 1/16 inch thick piece of perspex was tested 

at all the wavelengths tabulated. The resulting output 


voltage V5 can be compared to Nhe when no filter has been 
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used. For the first two wavelengths (low €) the perspex was 


observed to be relatively opaque. For the long wavelengths 


(high §&) the perspex was totally transparent. Consequently, 


a large percentage of the long wavelength photons may have 
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passed directly through the scintillator without suffering 
absorption. The high cathode sensitivity at these wave- 
lengths would result in a large signal (Ve eis This would 
have the effect of increasing the apparent value of &. The 
large value of € has been discarded in favor of the smaller 
value, where direct excitation of the cathode is precluded 
by the reduced perspex transparency and reduced cathode 
sensitivity. The value of the "quantum efficiency" found 
here is much smaller than the value of 0.5 reported in the 
literature [37]. The fluorescent photons can be expected 
to be emitted in all directions. Consequently, only a 
small fraction are incident on the photomultiplier cathode. 


With € = 0.0026 Equation 6-53 becomes: 


p G15 p2 


The accuracy of this method of calibration is limited by 
the absorption characteristics of sodium salicylate 
(assumed to be constant for \’ = 1000 A EO Ae t=" 3150 A) [40] 
and by the accuracy of the photomultiplier tube specifica- 
tions, but is considered to be well within an order of 
magnitude. 

The value of Sy Heyer UV sere A was not available 
on the manufacturers specification sheet. However, the 
Palate intensity of the Ho vapor lamp, lines: were 
Specitied. The photomultiplier, output at A= 2537 A and 


fe) 
} = 3125 A were monitored with the scintillator removed. 
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A simple ratio method was used to obtain the sensitivity 


at 4} = 2537 A relative to the value by the manufacturer 


0) 

ct 
ae 
ll 


SL25 A. dhe Giticiency ofuthera1ttraction grating 
was assumed to be approximately the same at these two 
wavelengths [38]. 

The calibration equations can be used to deter- 
mine the sensitivity of the system having determined the 
maximum output noise. In the case of the charge collector, 


amplifier noise limits the sensitivity. For maximum gains 


= 100), the amplifier noise at the output and 
recorded by the x-y recorder was observed to be 0.2 volts. 
The corresponding sensitivity for electron and ion collection 


is given by Equation 6-43 with Ve = 0.2 volts and Ga2 = 100. 


This translates to a minimum observable signal of 


n ot Ss) 23783 x oe electron-ion pairs 
eo min 6-61 


For only electron collection, Equation 6-44 applies and 


the minimum number of electrons that can result in a 


measurable signal is: 


= 6.6 xX 10? electrons 6-62 


In the case oftthe photon counter operating at 


: = 5 é: 
maximum gains of Gol = 2.4 x 10° and Go2 13, the noise 


Signal at the output was 0.2 volts. This signal was observed 


when CO, was used to absorb all of the short wavelength 


photons. Equation 6-60 can be used to determine the 
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minimum number of photons that may be detected. This is 
the number or (photons that will give rise to a signal 


equivalent to the noise 


:- 5 
Ne nie 2 LO spnocons o=05 


The largest fraction of noise was found to be optical noise. 
That is, long wavelength light was scattered in the mono- 


chromator and some was incident on the photmultiplier. 


The long wavelength scattered light did not suffer absorp- 


Eon by the CO This conclusion was reached when it was 


3° 
observed that closure of the exit slit significantly 
reduced the noise. Previously, the noise was about a 
factor of 3 higher. Subsequent covering of shiny surfaces 
in the monochromator (such as screw heads) resulted in a 
reduction of noise to the present value. The remaining 
noise has been attributed to amplifier noise and pick-up 
of external electrical noise. The device is not sensitive 
to photomultiplier dark current. “the dark current drains 


away through R in Figure 4-2 and the resulting D.C. 
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voltage is blocked by capacitor Cr also shown in Figure 
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6-2-7, Photoionization and Photoabsorption Spectra of 


Selected Additives. 


The results of tests performed on tri-n-propyl 
amine, nitric oxide, and benzene are presented in this 
section. N, flows into the monochromator and has been 
vented to the atmosphere through the tungsten pin spark 
source. The resulting photoemission spectrum with a 50 
A bandwidth appears in Figure 6-21. The lower trace is 
asLesult ot bubbling about ero the No, through tri-n- 
propyl amine and then into the source chamber. N, flows 
from the monochromator into the source chamber through the 
exit slit preventing the tri-n-propyl amine from entering 
the monochromator. The only effect that the tri-n-propyl 
amine had on the source, was to reduce the intensity 
slightly, presumably by absorption. It can be concluded 
that any effect tri-n-propyl amine may have on the photo- 
ionization spectrum is a consequence of photoabsorption 
ands photoionization and 15 totally unrelated to; the source 
emission spectrum. These traces, as for all remaining 
photoionization spectra were taken with a -1300 volt photo- 
Miberpilier tubes bias, avchavt irecorden sensitivity Of WZ 
volts per division, and a gain Sh = 14527 )selection of 
the appropriate value from Table 6-4 and use of Equation 


6=60 results in a Calibration factor of: 


N, = R, 1.5 x 10’ photons 6=65 


p 


Micwe-ae my haart | 
«iad wt fedseong. 924 an 


feed ved Sed erhneregontal 
A 


dreqe nla anfegniis sift A TepiseoG 


--iy? dpigutd ra eh to "i soe outdid do shane 

ee xu ei ote funitor add ont ‘hoes bonis onkms. 7 
=! , 

reads selkaiin ootdae- odd, oa sagemdarigodee ark moan yo. 


=i \ , « : 


enti~eteg mine camp Ly hO iynnnieis er? phlanaveng a tixe i 


igure a a4 ats wads itvetta vom! ont ‘ansnisiied gin ar 


ath Gi 


+ 
gsiedegat eld aralet oe Rew jepzren gis ond: Gee “one Wy 


he ode sdiidean 27  .coleqroeds mi videmuwexq vt paogie 
~ysede ot Jeo. aveit “yea online) Lygeay: <i sgh te yn sail 
aopiqoace@ierig. ta serhipeate? bf af min, peer Actsteeueal) 
weed ale oF leek lenra | eed! ek fan notapeibotsede ag | 
pac bro aiiom: Bhar OE age, gem dealt Ci a ol 
“o1olg sav Uati= © Age uted S10¥ #3500 i 
6.0. ine qe kgs bende Reese Section ae oetdl acuy ie re 
if abttrivin®, VE,8L tal Aung » bre - 
eatdenge o> Wen ane a nid a botie 


ae 


pane 


347 


SPARK SOURCE EMISSION SPECTRUM FOR SELECTED GASES 


WITH WINDOWS 
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FiGuRE 6-21 EFFect oF TRI-N-PROPYL AMINE ON THE SPARK 
SOURCE EMISSION SPECTRUM Thegupper trace aicwtherresult 
of a N2 flow at atmospheric pressure. For the second 
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where 25 is the number of divisions. The upper trace in 
Figure 6-21 represents the emission spectrum incident on 
the test cell for most remaining tests. 

At this stage of the project the bank of titanium 
Capacitors (0.014 uf) in the spark driving circuit was re- 
placed with two 0.01 uf low inductance (20 nh) capacitors 
im series (0.05 uf). The barium: titanate capacitors 
failed periodically as discussed previously. The stock of 
titanium capacitors was exhausted and the change to the 
more reliable but larger capacitors was forced. The 
charging voltage was reduced to 26 kV from 50 kV to main- 
tain the same total energy of 17 joules. The inductance 
was dominated by the circuitry external to the capacitor, 
and so the total inductance remained constant upon 
Changing the capacitors and’ charging voltage. Constant L 
Maintained constant peak current and the photon output 
remained essentially unchanged in accordance with previous 
tests regarding these parameters. 

Collector operation in the saturation region was 
obtained for relatively small values of E/P. Here, P 
denotes the total pressure. Typically E/P > 0.2 volts 
cm? torr > Was Sufficient. In addition large values’ of 
E/P did not result in Townsend avalanching. The observed 
collection time decreased with E/P and the value pre- 
cluded significant positive ion collection. Consequently, 


Equation 6-44 applies for the charge collector calibration. 
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Gain changes aga: in the following figures can be easily 
recognized. These have been reflected in the vertical 
scale multiplying factor. Since the x-y chart recorder 
sensitivity was adjusted to 0.2 volts per division through- 
out, then Equation 6-44 reduces to: 


5 
n = R 6.5 x 10" electrons 6-66 


eo g ae 

All of the gas mixtures tested and discussed 
from this point on were prepared by evacuating the test 
cell to the limit. of the diffusion pump, and then: back 
filling to the desired pressure. Upon isolating the 
evacuated test cell from the diffusion pump the seed 
vapors were introduced first, and then the laser gases in- 
dividually. The partial pressures were monitored with 
absolute pressure meters. Upon completing a series of 
tests with one additive, the test cell was pumped with 
the diffusion pump for at least 24 hours to ensure that 
concentration of the additive previously tested was re- 
duced to an insignificant level. 

Absolute intensity photoabsorption and photoem- 
mission spectra have been prepared for various concen- 
trations of tri-n-propyl amine ina co, : N, : He = 
I= 1): el (by pressure) laser mixture at three different 
total pressures. These appear in Figures 6-22 through 


6-30. The optimum pressure of tri-n-propyl amine was ob- 
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PHOTON INTENSITY AND PHOTOIONIZATION DENSITY vs WAVELENGTH FOR SELECTED GASES 


WITH WINDOWS 
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FirGure 6-22 pOUeEee RPTION ee PHOTOIONIZATION IN 40 


TORR OF LASER MIXTURE Pius TORR RD NSPROPRY EgaMi NG 
The photon spectrum incident. on the test cell is shown 


in Figure 6-21. The calibration factors have been 
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PHOTON INTENSITY AND PHOTOIONIZATION DENSITY vs WAVELENGTH FOR SELECTED GASES 
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IGURE 6-25 PHOTOABSORPTION IN 40 TorR oF LASER MIXTURE 


Lus 0.3 TORR OF IRI-N-PROPYL AMINE The photon spectrum 
incident on the test cell is shown in Figure 6-21. The 


calibration factors have been included. CO, :N.:He ay ig Fig lacy ee 
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FiGuRE 6-24 HRSURC IS AND zeta ail eo ed IN 40 


TORR OF LASER MixTuRE PLUS 2 TORR TRI-N-PROPYL AMINE 
The photon spectrum incident»on the test cell is shown 


imsrigure:, 6-21... The calibration “factors have been 


included. CO. :N.,:He ee lecrlecuece. 
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PHOTON INTENSITY AND PHOTOIONIZATION DENSITY vs WAVELENGTH FOR SELECTED GASES 
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M 
-25  PHoTOIONIZATION IN 40 TorR oF LASER MIXTURE 
ee muae onan AMINE The photon spectrum incident 


on the test cell has been shown in Figure 6-21. The 
calibration factors have been included. CO. :N.:He aeons 
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FIGURE 6-26 (Pi MCE Sel eh AND COLON ean IN 60 


TORR OF LASER MIXTURE PLUS TORR OF IRI-N-PROPYL 
AMINE The photon spectrum incident on the test cell 


has been shown in Figure 6-21. The calibration factors 


have been included. CO. :N.:He coo Leen lust Loe 
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FrcuRE 6-27 PHOTOABSORPTION AND PHOTOIONIZATION IN 60 


TORR OF LASER Mixture PLus 0.25 TorRR oF IRI-N-PROPYL 
AMINE The photon spectrum incident on the test cell 


has been shown in Figure 6-21. The calibration factors 
have been included. CO, :N.:He ch el BA Baal I 
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6-28 PHOTOABSORPTI 
TORR OF LASER MixTuRE PLus 
The photon spectrum incident on the, test cell thas been 


1400 


shown in Figure 6-21. 
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FIGURE 6-29  PHOTOIONIZATION IN 60 TorR oF LASER MIXTURE 


Plus TRI-N-PROPYL AMINE The photon spectrum incident 
on the test cell has been shown in Figure 6-21. The 


Calibration factors have *been 1neluded.— CO; :Neehe =) 12st, 
Tri-n-propyl amine pressures of the first, Second, and 
Ehteoeeraces, were 0.05 tole, 0-45 LOTT ond 2) torTt 
respectively. 


_ 
oy oe 6 
ey : ie i 
7 
: » 
ve 
a 7 
as 
a 
( 
- 
0! 


. 7 
de By “hs _ ch ee 
$4 m a re wePnes hike ek a 


i} 
tat a r poli rh Ore 
jm nos : StMA SYS 


| ae 
teak ik iy me es A it 
bak stat nes 


7 | seit 
m a + \EIO8 
" wert 
7 


wife 


(N 


Blectrons 


W) 
SG 
O 
My 
5) 
16) 
oO 
= 
fd 


1000 1200 1400 1600 
WavelLengqunipe yA’ | 


EISURE 6-30 PHOTOIONIZATION IN 20 TORR OF LASER MIXTURE 
LuS TRI-N-PROPYL AMINE The photon spectrum incident 
on the test cell has been shown in Figure 6-33 (upper 
trace). The calibration factors have been included. 

co. <sN,:He = 1:1:1. Tri-n-propyl amine pressures from top 
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served to be wavelength dependent. The optimum value was 
quite broad and was unaffected by the background pressure 
of the laser’ mixture. A concentration of about 0.05 to 
O@Mtorr *atrAl= 11:80 A and ito 25 torr for the: range’ jAv= 
1490 A to A = 1700 A appeared to yield maximum ionization. 
Figures 6-22, 6-23, 6-24, 6-26, 6-27, and 6-28 reveal 
that tri-n-propyl amine is a heavy absorber extending to 


longer wavelengths than in CO This can be concluded 


5° 
from the observations of decreased photon intensity with 
increased tri-n-propyl amine concentration for the longer 
wavelengths. For the shorter wavelengths the photon in- 
tensity was insufficient to register on the counter. How- 
ever, heavy absorption can be inferred fromthe reduction 
of photoelectrons with increased tri-n-propyl amine con- 
centration for 7A =< 1600 A. Also, oan) this portion of ‘the 
spectrum Figure 6-25, 6-29 and) 6-30 reveal that’ for a 
constant tri-n-propyl amine concentration, the number of 
photoelectrons decreases, as the total laser mixture 
pressure increases. This can only be attributed to co, 
absorption in this region. Furthermore, in this region, 
the largest photoelectron signal appears in the vicinity 
or 1200 A consistent with the window in the co, absorption 
spectrum. For the longer wavelengths and specifically for 
those greater than 1650 A the number of photoelectrons has 
been relatively unaffected by the buffer gas pressure. 


This, too, is consistent with the lack of absorption in 
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the laser gas in this portion of the spectrum. These 
figures also indicate that two processes are responsible 
for the ionization. An efficient short range one-step 
mechanism could be used to explain the ionization for the 
Short wavelengths ( 2 < 1450 nin Conversely, a less 
efficient long range one-step mechanism could explain the 
observation in the range 1450 A Cle Al A. IGS) A is 
the ionization wavelength of tri-n-propyl amine. It 
appears in Table 5-10. For the smallest tri-n-propyl 
amine concentrations in Figures 6-25, 6-29 and 6-30 an 
efficient short wavelength process apparently dominates. 
It results in relatively more photoelectrons than the long 
wavelength process, in spite of the fact that less photons 
are available. This implies a relatively larger photo- 
ionization cross-section for the short wavelength process 
compared to the long wavelength process. As the concen- 
tration of tri-n-propyl amine increases, the photoelec- 
trons due to the long wavelength process also increases. 
However, the number of photoelectrons collected decreases 
with increasing tri-n-propyl amine concentration. This 
has been attributed to the apparent high photoionization 
eross-section for the short wavelength process. Fora 
large tri-n-propyl amine concentration, essentially total 
absorption and photoionization can be expected to occur in 
aechinelaver An fronteot tine window. \ The created scharge 


can be expected to be lost by recombination and eventually 
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diffusion to the wall (window). Hence, less charge will 
be collected anethis portion of the spectrum as the tri- 
n-propyl amine pressure goes up, even if charge has been 
created. In contrast, the less efficient long wave- 
length process apparently suffers less photoabsorption by 
photoionization or otherwise. Photoelectron creation 

was relatively uniform down the length of the test cell 
allowing essentially all of them to be collected. Hence, 
the term "Short range" and "long range" were contrived 

to describe these processes. 

Increased charge collector gain has revealed 
that significant ionization occurs for wavelengths longer 
than the ionization wavelength of tri-n-propyl amine 
CXS 17.05 A). This effect has been observed immediately 
upon placing the tri-n-propyl amine in the test cell as 
well as after many minutes of operation. (The spectra 
are traced at 50 A per 60 sec with a spark rate of 1 Hz.) 
Furthermore, the photoionization spectrum for tri-n-propyl 
amine does not change significantly over the time it 
takes to trace the spectrum from 1000 A EO, 25010 A (30 
min). This would seem to preclude that the phenomenon for 
eee e/a A is due to ionization of photodissociated 
products of tri-n-propyl amine with longer ionization 
wavelengths. Consequently, a two-step process has been 
assigned to account for this phenomenon. 


The large photoelectron signal for »’ > 2300 A 
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iS due; to photons with A’ > 1100 A in the second grating 
order as before. This signal also decreases with in- 
creasing tri-n-propyl amine and co, concentrations as 
expected. 

NO and benzene behave somewhat differently 
than tri-n-propyl amine. The photoabsorption and photo- 
ionization characteristics for these additives appear in 
Figures 6-31 and 6-32 respectively. Although both 
additives give rise to large photoelectron densities at 
short wavelengths, the photoionization drops off sharply 
Loma 1340 A. Table 5-10 shows that the ionization wave- 
length for both of these substances is 1340 ne Even 
maximum gain on the charge collector does not reveal sub- 
Stant tal photoLronization for.) 1355 A in benzene. 
Figures 6-31 and 6-32 only go to 1750 A, however, no 
lonization was observed for wavelengths up to 2500 A. 
This 28, in ‘Spltesozethe observation Of Significant photo- 
absorption by benzene in this region. 

In the case of NO and benzene the photoelectron 
signal dropped exponentially from a strong signal at the 
ionization wavelength of A = 1340 A to essentially zero 
at A ~ 1350 A. This occurred in spite of relatively con- 
stant photon intensity in this region evident in Figure 
6-21 and Figure 6-33. The phenomenon appears to be con- 
sistent with a Boltzmann distribution of energy in the 


lonizing species. 
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FIGURE 6-31 PHOTOABSORPTION AND PHOTOIONIZATION IN 4 
ToRR oF NO No buffer gas was present for this test. 
The photon spectrum incident on the test cell has been 
shown in Figure 6-33. The calibration factors have been 
included. 
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Freure 6-32 PHOTOABSORPTION AND PHOTOIONIZATION IN 20 


TORR OF LASER Mixture PLus 0.1 TorR oF BENZENE Tike 
photonespectrum incident onthe, test, cell has been shown 


in Figure 6-33. The calibration factors have been included. 
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Figure 6-33 PHOTOABSORPTION SPECTRA OF CQ. The upper 
trace is for an evacuated test cell, whereaS the lower 
trace: resulted. from filling the test cell with 2.5 torr 


of CO.. The calibration constants have been included. 
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For a large number of molecules Noe in thermal 
equilibrium, at absolute temperature T the distribution 
of energy among the different states will follow 


Boltzmann's law [83,84,85,86]. 


ny EA a Ao 


DE exp (-E /kT) 
ab 1 


= total number of additive molecules 
= number of additive molecules in state j 
= energy of state j [ergs] 


ae erg Ko (Boltzmann's constant) 


Mest) Sen aiiys 
= absolute temperature of the gas [K] 


= summation over all possible states. 
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Furthermore, the number of molecules in energy 
level n (m) will be given by the number of molecules in a 
given state with energy Em! Miltiplived by, the tocal 
number of states with the same energy, Si (qos is 
commonly called the degeneracy of state i. Finally, the 


ratio of the number of moelcules in level n to the number 
in level m is given by 
ane on Ce), 6-68 


nn an oh 


For NO and benzene, photoionization in a one-step process 


° 
for } > 1340 A requires that the molecules be initially in 


Bae ens 


$44 


| Dit 4 


iSausaeoo t° 


| in| | 
alent (dd abeoip More gainpanan 


ep teas 


# mt eeluesiom 


taoo? adt.2g) Gat yeti um 4m Ve'tous eee 


Si 


» tee ah. - iS 
, Lowe ots Pl gon as 


ni Mie ee efs’ a ha 
wordio’ Dl tw rs 


soo 


al dahuatioa Ovi tt bey TH wadiettie all Pd is ae 


cd: me ha 


: iy 


$47,727, leas 


es eatin 


3 


wear: ‘ee 


] 
i ” 


ny ri 


nee. ‘os 


at PY iT ene rm sotvink fbtor a] it | 


ass Lr 


- 

" ' ! 
iso ey 'o eMirs aos ossitande ~ 7 d 
9 


lave? ¢ wgpaAds io Vatens - 


a aes iA OA 


list iE “OUR. nal? | ton ea tt i 
Seavey = iV rate st’ Cide {n) 


i) is Yo. iS BTiAe ae debt : ic ein 


ay 7 7 


A eeede Jo (Resena ain, 8 ian er 
a Sorad ‘12 Pry te va 


307 


an excited state. The additional energy required to 
Satisfy photoionization for those wavelengths above 1340 A 
ranges up to 1.1 x 1023 ergs. This figure :is the dif- 
ference jin energy “at 4 = 1340 A and the energy at the 
longest wavelength where photoionization was observed 


(A = 1350 A). The energy difference can be calculated 


with the following formula: 


AE = he{—t - 1 6-69 
r nN 
1 ob 

hs = ionization wavelength [cm] 

eye = wavelength greater than hs where photo- 

ionization has been observed [cm]. 
Cr Sox Tost cm sec > (velocity of] lighe) 
hey =" 6.36 x Tine erg sec (Planck's constant) 
For m= 0, En = 0, and E = AE. Equation 6-68 reveals 


that the number of molecules ni with the additional 
energy AE drops off exponentially with increasing AE. This 
is consistent with the decrease in photoionization ob- 
served in Figures 6-31 and 6-32. The photoionization 
cross-section has been assumed to be approximately con- 
stant in the region under consideration. 

Equation 6-67 and 6-69 can be used to determine 
the number of molecules with sufficient energy to be 
ionized in a one-step process by photons with wavelengths 


greater than the ionization wavelength. For example at 
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X = 1345 A, the ratio of sufficiently excited molecules 

to those in the ground state is 0.27. This is high enough 
to give rise to a large photoionization signal: ‘The 

Patio dropse to £0,407 "at A. = 950 A. The effective density 
is more than an order of magnitude less than the total 
concentration and this has been reflected in the observed 
photoionization. At »’ = 1400 KG the effective reduction 
is seven orders of magnitude and no photoionization has 
been observed. Actually, the total number of molecules 
available for ionization at i > 1340 A would be somewhat 
larger than calculated here since all excited states with 
energies above the threshhold AE would be effective. Ex- 
clusion of these does not affect the general principle that 
has been illustrated. Furthermore, the foregoing argument 
May seem to imply that all energies are possible - this is 
not true since the energy of bound states is quantized. 

20 A and 5 A bandwidths were used for NO and benzene res- 
pectively. In neither case was the wavelength resolution 
sufficiently high to reveal the quantized nature. 

This argument applies equally well to tri-n- 
propyl amine for photoionization at wavelengths perhaps 
DOr 0 A longer than the ionization wavelength of i = 
NT Aa A. However, photoionization at wavelengths longer 
than approximately 1725 A can only be attributed to a two- 


step photoionization process. 
The degeneracy ratio has been ignored in this 
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discussion. However, the value is unlikely to be much 
different from 1 and its exclusion will not have affected 
the validity of the discussion as it has been presented. 
Reports in the literature of Penning ionization 
sustained CO,TEA laser discharges [66,67,68] prompted a 
limited investigation. Photoionization was observed in 
0.1 torr of tri-n-propyl amine with no other gases present. 
The results appear in Figure 6-34. Addition of 10 torr of 


N., did not result in a significant change in the photo- 


2 
ionization spectrum of tri-n-propyl amine. The same result 
was obtained with 4 torr of Kr in 4 torr of NO. kr has a 

° 
metastable state with energy of about 10 ev (A = 1230 A) 


[47]. 


ole 


‘Sh mn ont oF ¢ie WhiLer beer nnd # 


Aah iu it os 
' i 7 ; 
1; oe 
Dav a* 4 af ) S g sor ie tw > etl A. 
2 | Ra J ri na 


4 Py A. Cn lange tO mgs — he af is 


AK 
7 
5 4 Ot ne 19e. ta,aaP «cp intoed ‘ - 
, 7 I ~~ wr : a Date 
f Sind CSW AVL SOR Te none ? ‘ aon a 
= ; er. : 
aut e@acke wns « fis we Ga me od wae fe L re - 


‘ 7 ve 


to +207) Of 30 masenhh. hte sett ut Thay ae 


" 
a eaare? j <a igo? tt mie ent: pines bi Wal 
ub a 195 SMe U 3 bietet » bait! Be, ses 
" 1) Me ia 


ty ce ’ 
<tor 4 th? bw ban t do mew 


J 
paris A @ 
’ 


+i. th = fs nm 4 i fr Te we. = 
i - 


- : Aw So 
Ves 4 ‘ tiniichs 4) EO Biv§ hye ty s'f . 4 
| ? 


10 Xo lea ee 


(N 


Photons 


} 10 
AU Pes ioek te x 3.3 x 10 


(N 


Electrons 


1000 1200 1400 1600 1800 2000 2200 


Wavelength [A°] 


Figure 6-34 TROL RGe oy AND PHOTOIONIZATION IN 0,1 
TORR OF TRI-N-PROPYL AMINE No buffer gas was present. 
The photon spectrum incident on the test cell has been 


shown in Figure 6-33 (upper trace). The calibration 
factors have been included. Collection of positive ions 
has been accounted for. (E/P was very high here). 


340 


aol 
os 4 
av 
i : 
. 
Re 
F 
; i . » gi! fh hy 4 a 
we ie A in Od : 
i i 9? i 
= i ' 
4 
fo 
: yl i * os) ° 0 ia , A 
bel eM: sweet AI 
tii 
ad 
j. ¢ i) fi x4 twee Vl 
» 1 tTLee Baye ‘ Vay 
(aud bet ties f | 
nvbsapthreu Pe » f 
att PTA & 
» 
: 


piten , 


Se al 


6-2-9 Determination of Photoabsorption and Photo- 


ionization Cross-Sections 


The theory relevant to calculating photoabsorp- 
tion and photoionization cross-sections from the ex- 
perimental data has been developed in Chapter 3. The 
final relationships are given in Equations 3-8] and 3-84. 


These have been repeated here to facilitate reference. 


a 760T 
ot gape ane te Neo aep oa 
760T "eo 
Ore aa a5 eo téi(<idiiN' NN 6-71 
oh = 
LP27s Ny Ne ae pO’ =p 
on te total photoabsorption cross-section [om?] 
es photoionization cross-section [om?} 
eo = number of photons incident on the gas in 
the test cell. This quantity is equal 
to the number of photons measured with 
the test cell evacuated. 
ie = number of photons monitored by the charge 


cCOLlector under cest conditions. «1.c., 
the test cell must have been filled with 
the gas to be tested. 

T = ambient temperature [300°K] 

tf =the: lengeh Of thevtest cellaiizecmi: 

P = the pressure of the gas in the test cell 
PeGier lr. 


n = Loschmidt's number [2.7 x TOs Saee 
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Figure 6-33 reveals the absorption charac- 
teristics for CO. from about Y= 1075 A Com = 1S0NA- 
The upper trace is the number of photons incident on the 
test cell or the number of photons measured with the test 
cell evacuated. The lower trace shows the number of 
photons that have successfully traversed the test cell 
Gi led with 255 torre Of CO, - The resulting ionization 
was very small and it could not be determined with accuracy 
because of charge collector saturation problems discussed 
in Section 6-2-5. Since photoionization was very low 
level, all photoabsorption can be attributed to nonioni- 
zing absorption by CO.. Consequently, Equation 6-70 ap- 
plies to calculate the photoabsorption cross-section of 
CO. - Values of Noo and Ne for various wavelengths have 
been taken from Figure 6-33. These appear in Table 6-6 
along with the calculated value of O,- The photoabsorp- 
tion cross-sections obtained can be seen to agree very well 
with the curve in Figure 5-45. 

Calculation of the photoabsorption and photo- 
ionization cross-sections for tri-n-propyl amine with data 
presented in the previous section is complicated by the 
presence of the buffer laser mixture. Consequently, the 
photoabsorption and photoionization spectra for 0.1 torr 
of tri-n-propyl amine has been obtained without the 
presence of a buffer gas. This data appears in Figure 
6-34. Charge collector saturation required a 29 volt 
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bias (E/P = 114 volts cm torre) withed cOlus collection 
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Table 6-6 


CO. Photoabsorptions Cross-Sections 


[A] Neo N, o, [em] 
1085 OeGxde sso! ? high 
1100 ? ? ? 
1150 (cE eral ? high 
1167 0.7 0.5x1.5x10/ Bes e0 me 
1180 0.95 0.9 asc 
1200 0.7 0.69 0.15 
eee ee 0.68 0.59 
1242 Tee ee eG 
aoa 0.8 0.6 26 
1300 0.72 0.54 Su0 
foie 1.8 0.95 346 
1317 200 0 fea 
1350 rhe 0.7 6.4 
legs Theil 0.7 ia 
1400 ies 0.85 4.0 
1412 2.4 hes 623 
1425 0.92 0.65 ane 
1450 eo Heil 4.8 
1475 one 1.4 Soil 
1495 9.0 4.3 7.6 
1525 228 thes 6.4 


Table continued 
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Table 6-6 continued 


d [A] Neo No Oo, [om?] 
1550 2.4 LeG 4.2 
eo 26 242 eee, 
1600 Sere. 2.0 Zot 
L625 4.5 cuRes, he 2 
1650 2.4 les: 5, 
1680 Je 8 4.5 ital 
1700 Sees Biz O32 
yy LO (AU Caoe 
1740 550 50 low 


Data relevant to the calculation of photoabsorption cross- 


sections for CO, has been obtained from Figure 6-33 where 


absorpcrzon in, 2.5) cOnr OL co, was measured. Oo, has been 


obtained with Equation 6-70. 
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time. Since electrons could be expected to be collected much 
faster than this it has been concluded that the increased 
time and E/P necessary to obtain saturation, was probably 
due to collection of positive ions as well as electrons. 
Therefore, Equation 6-43 applies to ‘calibrate the charge 
collector. The chart recorder sensitivity was 0.2 volts 
per division. A change in gain is indicated in Figure 
6-34. The calibration relationship for the photons is 
given by Equation 6-65. For wavelengths up to A = 1715 A 
the concentration of the ionizing species is accurately 
known. The incident photons can be obtained from Figure 
6-33. Values of Neo! is and ne for various wavelengths 
are obtained from Figures 6-33 and 6-34 and these are 
tabulated in Table 6-7. Equations 6-70 and 6-71 apply for 
the calcualtion of the total photoabsorption cross- 
sections and photoionization cross-sections respectively. 
These have been determined and tabulated in Table 6-7 as 
well. 

The resulting photoionization cross-sections are 
large for the short wavelengths and diminish for the 
longer wavelengths. This is constant with the short and 
long range processes that were discussed in the previous 
section. Furthermore, the total absorption cross-sections 
are seen to be considerably larger than that for CO. . 
Hence, photoabsorption for the data in Figure 6-22 through- 


out to Figure 6-30 can be assumed to be dominated by the 
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tri-n-propyl amine when the concentration is sufficiently 
high. This would allow the determination of the photo- 
absorption and photoionization cross-sections for tri-n- 
propyl amine for the data involving the laser gas mixture. 
This is desirable since these cross-sections may change 
with the pressence of a buffer gas [16]. 

A criterion must be established to specify the 
CO. and tri-n-propyl amine pressure range for which photo- 
absorption will be dominated by tri-n-propyl amine. 

Equations 3-75 and 3-77 reveal that the intensity 
of a monochromatic beam of light is reduced by the factor 
exp (-O, no xX) upon passing through an absorbing medium, 
characterized by these parameters. The criterion will be 
defined as follows: The reduction due to tri-n-propyl 
amine must be at least 10 times more than the reduction 


due to CO.» This can be represented mathematically by: 


eb ge) Sieh s Wain a 
epee aS en 6-72 


a on ee Nae, 


where X = sE9R 


and P is the pressure of tri-n-propyl amine or CO.- 


Equation 6-72 can be manipulated to yield the 
required range of the tri-n-propyl amine pressure £Or..4a 


given CO. pressure. 
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Table 6-7 continued 


Data have been obtained from Figures 6-33 and 6-34 for 
0.1 torr of tri-n-propyl amine. Equations 6-70 and 


6-71 have been used to calculate Oo, and O. respectively. 
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Observation of Figures 6-22 throughout to Figure 
6-30 and Figure 6-35 reveals that photoabsorption has 
been measured over the largest portion of the spectrum 
for co. : N, He = 20S torn 20 etOrr es: 2UNtOrm Laser 
mixture. Hence, this will be used to calculate the photo- 
absorption and photoionization Sey Furthermore, 
the measureable photoabsorption extends only to id = 1500 A. 
Since the co. photoabsorption cross-section peaks at this 
point (Table 6-6) and the tri-n-propyl amine photoabsorp- 
tion cross-section is relatively constant, (Table 6-7) 
this point can be taken to establish the range of tri-n- 
propyl amine pressure for a worst case condition. Equ- 
ation 6-73 requires). that Peri-n-p 7 07 66 tOnis.s Only) the 
last two traces in Figure 6-30 have sufficient tri-n- 
propyl amine concentrations. 

Figure 6-35 reveals that the photoabsorption for 
the highest concentration has so attenuated the photon 
signal, that it has not been able to be monitored. This 
leaves only the third trace in Figures 6-30 and 6-35 as 
useful to calculate the photoabsorption and photoionization 
cross-sections for tri-n-propyl amine in the laser mixture. 
The upper trace in Figure 6-33 yields the photon spectrum 
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Figure 6-35 PHOTOABSORPTION IN 20 ToRR OF LASER 


MIXTURE PLUS TRI-N-PROPYL AMINE The photon spectrum 
incident on the test cell has been shown in Figure 6-33 


(upper trace). The calibration factor has been included, 
CO,:N.:He = 1l:1l:1. The pressure of tri-n-propyl amine 
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obtained from Figures 6-33, 6-35 and 6-30 respectively. 
These are tabulated in Table 6-8. Equations 6-70 and 
6-71 with P = 1.0 torr of tri-n-propyl amine have been 
used to determine eke and O;- These also appear in Table 
6-8. The resulting values of 0, agree very well with 
those in Table 6-7 for pure tri-n-propyl amine. The 
photoionization cross-sections are only slightly smaller 
when the tri-n-propyl amine is placed in the laser mixture 
[16]. The photoabsorption cross-sections are a factor of 
2 or 3 smaller when the tri-n-propyl amine is placed in 
the laser mixture. 

The photoionization cross-sections calculated 
thus far are particularly relevant to a CO, TEA laser. How- 
ever, for multi-atmosphere CO. lasers, strong photoabsorp- 


° 
tion by CO, for % < 1750 A may limit tri-n-propy! amine 


2 
PHoOtOloOn?Zatilonvwin this portion of therspectrum.. Tri-n- 
propyl amine exhibits significant two-step photoionization 
for wavelengths greater than A = 1715 A and this feature 
may be taken advantage of for high pressure CO. lasers. 
Equation 6-16 is appropriate for the analysis of 


the two-step photoionization data. The equation can be 


simplified considerably if it is assumed that 
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These relationships will be true if the intermediate 

state is an ordinary state with a radiative lifetime of 
about Tone seconds. Figures 6-22 throughout to Figure 
6-29, and Figure 6-34 indicate that the rate of the two- 
step photoionization process is relatively constant. If 

a metastable intermediate state was responsible at some 
wavelength, one would expect a significant increase in the 
measured value of as for the excitation wavelength of the 
metastable. However, this has not been observed and 
ordinary bound states have been assumed to act as the inter- 
mediate levels in the two-step photoionization process. 
Relations 6-74 and 6-75 having been established, Equation 


6-16 can be reduced to 


Equation 6-76 applies only to an optically thin system 

since I was assumed to remain constant in the defining 
relations. 50% absorption has occurred in Figure 6-34 and 
this data will be used as an approximation for the optically 
thin requirement. The term I/hv is the average number of 
photons per second per cm? that passes through the test 


cell [23]. In terms of the measured quantities, this fac- 


tor is: 
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Equation 6-76 reduces to: 


N =P IN| a 
ee ok eee eee 6-78 
eo te 
2 d 
where 
Av 
= * Kea _ 
Xp no O; AE i) 6-79 
Xp has units of [sec cm ] (the photon beam 
covers an area of 1 cm) 
Values of N i 
po! aD and ee have been taken from Figures 


6-21 and 6-34. These appear in Table 6-9 along with the 
calculated values of Xo with ta = 5us and 


The resulting values of Xp are very large. Equ- 


ation 6-79 yields an average value for DOR a Or 


Af 
2d aX Thay ch with as mee seconds. 

This large value has been attributed to the nature 
of the tri-n-propyl amine molecule. It is an extremely 
large molecule presumably with many energy states lying so 
close together so as to effectively form a continuum. This 
would result in the factor Av/Af being close to unity. 
Furthermore a large number of energy states would serve to 
increase the photoexcitation cross-section of the inter- 
mediate state, o% NO and benzene are relatively simple 


molecules compared to tri-n-propyl amine and they do not 


exhibit significant two-step photoionization. Figures 6-25 
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Table 6-9 
Two-Step Photoionization Coefficients for 


Tri-n-propyl amine 


MA] Nae N, ae x [sec cm >] 
hea” MEW Grab Chai Soran’ = sere; cea cpa! 
1760 3.0 er en 14 

1800 3.0 1.9 ie 14 

1850 3.8 ee Ge 8.8 

1900 3.6 260 0.5 we 

1950 228 1.6 0-5 12 

2000 320 128 On5 10 

2050 3.8 is 0.4 6.8 

2100 3.5 i) 0.35 6.4 


Values of Noo! N and Noo have been obtained from Figures 


6-21 and 6-34 for 0.1 torr of tri-n-propyl amine. Equ- 


ation 6-78 has been used to calculate the values of Xp" 
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and 6-29 reveal that the two-step photoionization 
diminishes slightly for increased buffer gas pressure. 
This has been attributed to collisional de-excitation of 
the intermediate state by the buffer gas molecules. This 
effect can probably be compensated for by increased 
photon flux. 

Unfortunately, failure of the photon counter am- 


plifier supplying gain of X¥131(G prevented the measure- 


p2) 
ment of photoabsorption and photoionization cross-sections 
for tri-n-propyl amine at wavelengths shorter than ap- 
proximately 1460 A. However, a measurement was obtained 
at 1080 A. Reduced photoabsorption by CO. at this wave- 
length is evident in Figure 5-45. This measurement was 
obtained at the limit of the photon counter sensitivity. 
Hence, it may not be accurate. But taking this into con- 


sideration, the regions of photoionization controlled by 


CO. photoabsorption have been dealt with. 
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6-3 Discussion and Conclusion 


The results of the tests performed with the 
ultra-violet vacuum monochromator and presented in this 
chapter correlate well, with the results of the tests 
performed on the microwave interferometer. Qualitative 
agreement with published material on the same subject has 
alsovbeen obtained )(15,22,.23,65, 07 760,091.) ln ertect, 
results obtained with the monochromator test facility have 
either confirmed conclusions drawn on the basis of infor- 
mation gathered with the microwave interferometer, or have 
served to answer questions raised by it. 

(1) Photographs of the spark source emission spectrum 
reveal that it is primarily a line spectrum and that 
the Hopfield and Huffman continuum do not play a sig- 
nificant role. 

(2) Photographic and electronic records of emission 
spectra reveal that the spectral content is largely 
independent of gas type for the automotive surface gap 
spark plug. The tungsten pin emission spectrum is 
somewhat more characteristic of the gas species. 

(3) The intensity of the spectrum increases with source 
gas pressure. 


(4) N.~ has been identified as the laser gas that promotes 


2 
the most intense emission spectrum. This is in 
contradiction to the implicit assumption made in the 


earlier work with the microwave interferometer where 
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He was credited for the majority of the hard ultra- 
violet emission. 

(5) CO. photoionization control by photoabsorption 
has been well documented. co, appears to be totally 
Opaque for wavelengths shorter than 1150 A. It also, 
is a relatively heavy photoabsorber for 1230 A < 
eS L700 A. 

(6) Importance of high spark discharge current for ef- 
ficient hard ultra-violet production has been further 
documented. 

(7) Photoionization in the laser gases has been shown to 
be the result of a one-step process for wavelengths 
Lp sto 7750 As 

(8) Difficulty in obtaining charge collector saturation 
for the low level photoionization obtained in the 
laser gases precluded a detailed analysis. However, 
the photoionization spectrum was identified and only 
hard ultra-violet photons were found to be effective. 
Furthermore, impurities inherent in the gas supply 
cylinder were found to contribute significantly to 
the photoionization. However, this was easily masked 
by the residual impurities in the test cell depending 
on the relative cleanliness. This would apply toa 


typical laser device as well. 


(9) Significant electron loss by attachment to CO. was observed 


when the value of E/P resulted in the correct energy 
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for this process. 

(10) Low ionization threshold vapors resulted in increased 
photoionization by at least three orders of magnitude 
whether tested independently or in a buffer laser 
mixture. 

(11) Subtle differences in the photoionization properties 
of the vapors were observed. In addition to yielding 
different levels of photoionization, tri-n-propyl 
amine photoionized at wavelengths longer than its 
photoionization wavelength. This was unlike NO and 
benzene that did not exhibit measureable photoioni- 
zation at wavelengths appreciably longer than their 
photoionization wavelengths. 

(12) The photoionization spectrum of tri-n-propyl amine 
exhibits a dependence on concentration. For low concen- 
trations efficient photoionization at short wave- 
lengths dominates. For increased concentrations, the 
dominant photoionization signal shifts to the longer 
wavelengths. This phenomenon was also shaped by CO, 
absorption. Furthermore, tri-n-propyl amine has been 
observed to photoionize, presumably by a two-step 
process, at wavelengths extending to at least 2200 A. 
This part of the photoionization spectrum was relat- 
ively unaffected by the presence of a laser mixture 
buffer. This characteristic may be able to be ex- 


ploited for discharge stabilization in large aperture 
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multi-atmospheric pressure co. TE lasers. 

(13) Photoabsorption and photoionization cross-sections 
have been obtained for tri-n-propyl amine for wave- 
lengths greater than i = 1460 Ae The value obtained 
at A = 1080 A May be questionable. 

(14) Measured photoabsorption cross-sections for co. cor- 
relate well with published values [42,58]. 

Collector saturation problems for low photoioni- 
zation density in the laser gases when no seedant vapors 
are used have been shown to be caused primarily by diffusion. 
Such a significant diffusion effect was not anticipated when 
the charge collector was in the ee and fabrication 
stages. Only after detailed testing was the diffusion 
effect identified. Prevention of photoemission, reduc- 
tion of charge transit distance,and simplicity were the 
criteria given primary consideration in the geometrical 
design of the charge collector. Flat, parallel collector 
plates or electrodes were certainly the simplest configu- 
ration. Close spacing was required to reduce charge 
transit time; conversely, prevention of photoemission de- 
manded wide separation. A separation of 2.54 cm was chosen 
as the best compromise. The rectangular wedge of light ex- 
panded from a narrow line (depending on the bandwidth ad- 
justment) at the exit slit of the monochromator to 1 cm at 


the scintillator. 


No evidence of photo emission has been obtained. 
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Before the test cell was contaminated with seedant vapors, 
continued pumping with a diffusion pump resulted in re- 
duction of any photoionization signal to below the charge 
collector sensitivity (6.6 x 10° elementary charges). As 

a result, this design criteria may be relaxed in favor of 
reduction of the transit length-. This would™*serve to re— 
duce the effect of diffusion because transit time would 
also be reduced. Furthermore, it may be desirable to con- 
tour the collector electrodes to the same shape as the 
wedge of photons. In addition to maximally reducing the 
transit time for any charged particle, this would serve to 
linearly increase the applied E/P value toward regions of 
higher photoionization density. The light is more concen- 
trated near the exit slit and so the photoionization density 
would be highest there (but not the total number of photons 
per unit distance along the collector plate for an op- 
€icaliy thin .gas)- 

Electrodes shaped in such a fashion would tend to 
automatically and rapidly reduce the high density photoioni- 
zation an the vicinity of the exit slit. by virtue of the 
increased E-field. This could be sufficiently rapid so as 
to remove charge as it is produced,thus preventing accumu- 
lation of charge to densities high enough to result in sig- 
nificant space charge effects. Alternatively, since only 
electron collection has been observed in most cases with 


the present system, electron diffusion to the end walls 
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could be markedly reduced by maintaining these at a 
negative potential. Such E-field shaping may be able to 
be applied to prevent diffusion loss to the side walls 
as well. 

No space charge effects were observed for either 
the low photoionization density obtained with the laser 
gases (maximum value of <8 x 10° electrons) or for the 
relatively high level obtained when seedant vapors were 
used (maximum observed values were about 10° electrons). 
Determination of the Debye length yields information re- 
garding the ability of an ensemble of charges to estab- 
lish a space charge to cancel an applied electric field 
[41]. 


EkT. 1/2 
= 1 
a -(—7) 


47mTe n. 
10 


dpi = Debye shielding length for electrons by 


ions [cm] 


€ = permittivity of free space [8.8 x eae 


— O 
ome g sec A he 


k = Boltzmann constant [1.38 x pone? erg not 
T. = ion temperature [300°K] 

e = electron charge [1.6 x 10ue cout) 
n;, = ion density [om >] 


The density of ions will have been equal to the 


density of electrons. However, the above numbers refer to 
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the total number of electrons and hence ions rather than 
the density. Since the ions will immediately respond to 
the applied electric field, they will tend to occupy a 
volume larger than that volume in which they were formed. 
Diffusion effects will also tend to increase the value, 
particularly high mode diffusion at the boundaries defined 
by the wedge of light. It has been estimated that the ex- 
panded volume may be as high as 50 om*. Taking this anto 
account, equation 6-80 yields Debye shielding lengths of 
2.7 cm for the worst case in the laser gases and 0.24 cm 
for the worst case when seedant vapors were employed. the 
ensemble of charges cannot form protective space charges 
within these distances. Consequently, space charge effects 
are precluded for the laser gases. However, when seedants 
are employed space charge may have a limited effect on the 
charge collection. This may in fact be the reason col-: 
lector saturation can be so easily obtained when seedants 
are employed. The relatively high positive ion density 
may, result dn weducing the ditfusion, cocificirent onsetlec— 
trons from fast free electron diffusion towards slower 
ambipolar diffusion. Ambipolar diffusion cannot be ex- 
pected to be fully developed for the photoionization 
densities under consideration, however [47]. The test 
facility has performed well and has supplied information 
pertinent to further understanding of photoionization 


in co. lasers. In addition, it has shown how substantial 
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Photoionization can be obtained in CO. lasers. of 
various dimensions operating over a broad pressure range. 
Tri-n-propyl amine has been tested more thoroughly since 
its use in lasers has yielded more promising results than 
any other tried’ to date’ [20,23,,24,25); ~Benzene andiNo 
have actually been observed to reduce laser output in 
spite of their relatively high electron yield by photo- 
ionization [60,88]. However, a small but critical con- 
centration of NO has been shown to improve laser output 
ES 

The test facility lends itself to the deter=-= 
Mination of other physical data as well. It has been 
shown that the Townsend first ionization coefficient can 
be determined for various gases. Electron drift velocities 
and possibly ion mobilities can be determined. Electron 
attachment as a function of electron energy to traces of 
additives in a buffer gas may be observed. The accuracy 
may leave something to be desired, but order of magnitude 
values at least establish the range of these parameters 
and provide criteria on which to base the design of a more 
accurate experiment. Furthermore, order of magnitude 
values can be of great value to facilitate the design of 


CO. lasers. At present,design is often based on para- 


2 
meter values much less accurate than an order of magnitude. 
Recently, the photon counter has undergone a 


major redesign. The integrator has been discarded in 
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favor of the type used in the charge collector. This 
device presently under construction, should provide 
better sensitivity and greater reliability. Its use 
should provide for the determination of photoabsorption 
and photoionization cross-sections over a larger region 
of the spectrum than has been done here. Calibration of 
the diffraction grating would allow for the absolute in- 
tensity measurement of the emission spectrum of various 
sources. This would be of extreme usefulness in designing 
spark sources whose emission spectrum matched the useful 
photoionization spectrum ina CO. laser. For instance, 
a source that concentrated its energy in the region 
1750 A SO Se PAPA OL 0) A would be ores efficient for use ina 
multi-atmosphere pressure CO, laser seeded with tri-n- 
propyl amine. 

The test facility has provided useful data and 


_should’ continue in a similar fashion for some time. 
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Chapter 7 


Concluding Remarks 


Two test facilities appropriate to the pro- 
curing of data relevant to photoionization in a CO. 
laser device have been designed, constructed, and 
Operated. The first test facility is a microwave inter- 
ferometer. It is capable of providing average plasma 
density measurements in a gas photoionized by sparks of 
the type used in CO. lasers. The response time of the 
interferometer provides adequate time resolution to 


follow the plasma decay to a lower limit of about Lo 


eme> : This value was experimentally determined to be the 
maximum sensitivity of the device. With a plasma cut-off 
density of oe em >, the interferometer technique can be 
seen to provide a large dynamic range. In addition to 
providing time resolution, the interferometer also allowed 
for limited spatial resolution. Average plasma density 
measurements could be obtained as a function of distance 
from the ultra-violet source. Gas pressure could also be 
varied allowing for plasma density as a function of 
pressure to be obtained. This test facility could also 
be modified to measure photoionization or discharge 
plasma density orthogonal to the discharge and optical 


axes of a co. laser, providing adequate external noise 


suppression could be supplied. However, no resolution 
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would be provided for densities greater than Hore emacs 


Provision of adequately directional horns to act as 
transmitter and receiver would allow for the deter- 
mination of the average density down the bore of the 
laser. 

Bare sparks were used in the microwave inter- 
ferometer facility, primarily because window materials 
would not stand up to the disruptive environment provided 
by the high voltage, high current spark. Consequently, 
the source emission spectrum could not be expected to 
remain constant with changes of gas pressure and species. 
Also, the interferometer did not provide for resolution 
of the source emission spectrum. These two factors were 
the primary motivation resulting in the design and con- 
Struction of atest. facility involving a vacuum Uultra— 
violet monochromator. 

A Jarrell-Ash vacuum monochromator with a con- 
cave reflecting grating ruled to 30,000 lines per inch 
provided more than adequate spectral resolution. The 
monochromator was equipped with a camera assembly, and 
this provided a convenient means of identifying the spark 
emission spectrum as a line spectrum. It also provided 
a means of determining the extent of the spectrum. How- 
ever, the photographic technique was not as sensitive as 
desired, and a number of spark discharges had to be used 


to obtain a noticeable film darkening for the weaker 
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portions of the spectrum. Furthermore, the film is linear 
only over a small region. Alternatively, a photomulti- 
plier tube can be accurately calibrated over a broad 
dynamic range. Conveniently, a photomultiplier tube was 
available with a cathode bearing an S-1l surface. Such a 
Surface exhibits a peak sensitivity at \’ = 4200 A. This 
matches the peak of the fluorescent spectrum of sodium 
salicylate which was used to sensitize the photomulti- 
plier to the hard ultra-violet light. The dynamic range 
of the photomultiplier was increased by providing addi- 
tional gain in the form of an electronic amplifier. This 
also provided a matching network to prevent loading of the 
photomultiplier output by the oscilloscope. The output 
Signal was subsequently integrated electronically. This 
provided an output related to the total number of photons 
incident on the scintillator per spark discharge. Hence, 
the device was termed a photon counter. The resulting 
dynamic range extended from a maximum sensitivity of 


: PNOtONnS) toO.a Saturation onl x Lo. - photons. The 


2x 10 
calibration was performed by considering electronic amp- 
lifier gains, photomultiplier Se toaeions provided by 
the manufacturer, and by experimentally determining the 
quantum efficiency of the scintillator. 

An x-y recorder was used to monitor the photon 


counter output and with the horizontal drive synchronized 


to the monochromator drive, a bar-graph type of display 
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was obtained. The height of each bar represented the 
number of photons per spark discharge in a bandwidth 
determined by the slit adjustment of the monochromator. 
The photon counter was placed 12 cm back from the exit 
slit of the monochromator. A charge collector was 

placed in this region and was housed in a vacuum tight 
ferromagnetic shield which served the dual purpose of a 
test cell. The charge created by photoionization was 
collected by an electric field. The resulting current 
was electronically integrated, amplified, and displayed 
by an x-y recorder. The same type of bar-graph display 
as for the photon counter was generated. The horizontal 
drive of the x-y recorders were mechanically linked and 
the photoabsorption and photoionization spectra of a gas 
under test could be generated simultaneously. The charge 
counter was calibrated simply by considering the gain of 
the electronic components constituting the charge col- 
lector. The dynamic range of this device depends on the 
value of the front end capacitance. The lowest value of 
capacitance determined the maximum sensitivity of the 
device. Parasitic capacitance was 13 pf. 6.6 x 10° 
elementary charges resulted in a front end capacitor vol- 
tage sufficiently high to overcome amplifier noise. As 
the device was set up, Saturation was obtained for an in- 
crease in total charge of about 4 orders of magnitude. 


This value could be extended by increasing the front end 
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Capacitance if desired. 

The photon counter (as well as the photographic 
technique) revealed that the useful part of the spectrum 
was limited to wavelengths greater than approximately 
1100 A because of heavy co. absorption. Therefore a LiF 
window was used at the exit slit to isolate the source 
from the test cell. 

Source photoemission spectra as well as photo- 
absorption and photoionization spectra of various gases 
and vapors have been obtained with this test facility. 
From these recordings, photoabsorption and photoionization 
cross-sections have been obtained. Numerous characteris-~ 
tics of photopreionization in a CO. TEA laser have been 
inferred from the results of these tests. An important 
observation was the control of photoionization by co. 
absorption. Addition of long ionization wavelength 
gases in small concentrations increased the photoioni- 
zation by 3 to 4 orders of magnitude. A gas such as NO, 
and benzene vapor can be expected to promote photo- 
PONLZACLON Ana co. laser by photoionization in a co. 
window at 1200 A. This window may be closed to practical 
light sources for pressures exceeding 200 or 300 torr of 
CO.-. Alternatively, photoionization of tri—n—-propy 1. 
amine is available in three bands. These can be divided 
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of these processes diminishes with increasing wavelengths. 
The first band may be assumed to be effective 
for low pressure CO. lasers, less than 100 torr of CO,), 
the second for medium pressure devices (100 - 350 torr of 
CO.); and the third, for higher pressure devices (greater 
Ehan, 350 contort CO.). The upper pressure limits have 
been obtained by calculating the pressure for which 90% 


absorption of photons by CO, can be expected for a 10 cm 


2 
penetration depth. Requirements of a longer penetration 
depth would require a reduction in pressure, i.e., the 
product Pd must be kept constant. A two-step process has 
been assumed to be responsible for the third band of 
photoionization. 

Future plans for the test facility include the 
search for a gas or vapor which exhibits photoionization 
characteristics that can be matched to the peak output of 
a photon source. Furthermore, laser gases must be trans- 
parent for the required band of photons. Hydrocarbons are 
of particular interest since relatively large vapor 
pressures can be obtained at room temperature. The list 
of hydrocarbons is large, and exhaustive testing may 
reveal one or more that may be even more desirable than 
tri-n-propyl amine. Among these, the author has suggested 
the hydrazines. Some members of this family have ioni- 
zation wavelengths comparable to tri-n-propyl amine. 


Also, many hydrazil radicals have ionization potentials 
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as low as 4.95 eV [90]. These apparently are bound to 
the parent molecule by approximately the same amount of 
energy as the ionization potential. The author has 
Suggested that the radical bond may be broken with one 
photon and ionized with another constituting a two-step 
process overall. Photons of wavelengths up to 2500 A 
would be useful. CO. is totally transparent here. 
Window materials are readily available and the intensity 
of available light sources typically increases with wave- 
length. Alternatively, the efficiency may be increased 
if the radicals could be more easily produced, perhaps by 


a chemical reaction. In addition, some of the boron 


trihalides may operate in a similar manner to that proposed 


for the hydrazines [91]. Some of the amino acids possess 
very low ionization potentials (= 2 ev), at least in 
aqueous solution [81]. Perhaps this may be exploited. 


Many of the metal vapors possess low ioni- 
Zation energies but typically their vapor pressures are 
very low at room temperature. Cs,however, with an ioni- 
zation potential of 3.9 ev (A = 3183 A) has a vapor 
pressure of 10"? atmospheres at room temperature, and may 
prove to be useful [17,79,81]. Russian work and a 
limited investigation performed by the author (previously 
discussed) tend to disfavor the use of metal vapors, 


however. 


eich 


qaranins s praca? dane pendent ts. hates * : 
2 date od! <p’ aritonnd ove Be ela: a 
ened Amwissedats vileso? B£5,0° pa: | 7 \y 
yitendon: st? bas atdetings Ulthaet ors ¢leitetaa wobneM: 
cyan Wehbat reeerneet Vi Lancaee? eeeawee  adpis widelisve’ to - 
reno od om Yondiel Tie mid Lytovisertos ts agent y 


ss waelsdeq ,Baperbdwd! ¢liade torte od) Bleed eleainer’ ots 3E 7 
aonod #44 06 aver not gibbwl wt’ ,aotspaex tecieets a 7 : 
- 


bendgovy! tery ‘og. aabepen “oh Geil! 2 rh, SPE TORS “ies eabiindia® | 
sane iabion ued ae) Semen 2 1LG; eorleative! Gag “303 y 
of tewol Ge aia 4h) \ehelseesem (eetvaxtiiol woh tee 
Renlobens ad qo 0 tm agatset® 2102] nolgutot Paeh o 
“Hott wol g@edee, dhega Loren vant No yneM ee i 
ts asadeasy took, tieds yids sil eelezene notton 
ent mee ree 


a 

reget ih! nas "A epee wih)! Veet Qe tatauadoanBitaa 7 
vam DRS, .otadrenpies yore ene ae 7 
5 bre Satw aging dco teckel iri a | - 


¢is Lervsta) sortie: add ae : on Lindh boot - J 
* {eee sea Mo ae at 0 ae yey 
| } be ou ere 


‘lla 
hb 


403 


The list of possibilities is effectively 
endless and a systematic search should result in a 
number of candidates. Subsequent testing with the 
facilities made available as a result of this project 
should reveal how, and to what extent, the candidate 


can be exploited ina CO. laser. 
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Semiconductor Data Library, Series A, Motorola Inc., 
CLS y'A) 
Signetics Digital Linear Mos Data Book, Signetics 
Corporation, California, (1974). 
Semiconductor Data Handbook, General Electric Company, 
New Youk, 2nd fdwe1one!97 3). 
Fairchild Linear Integrated Circuits Data Catalog, 
Fairchild Semiconductor, California (1973). 
Signetics Digital Linear Mos Applications, Signetics 
COED. a Caldrorndas.GL9 UA) 

Electronics Circuit Designers' Casebook, McGraw-Hill 
Publication, New York (1967). | 

Mos Integrated Circuits National, National Semiconduc- 
tom COorp., calirornidet 174 ie 

RCA Linear Integrated Circuits and DMOS Devices, RCA 
Corporation. (1975)'. 

RCA COS/MOS Digital Integrated Circuits, RCA Corp. 
(ESTES) & 

Linear Integrated Circuits, National Semiconductor 
COLp sj CalwrOrn la gL Sie 

Nickel-Cadmium Battery Application Engineering Hand- 
book, General Electric Company, Florida, 2nd 
ieligenloyey. (AS) YS) 

Voltage Regulator Handbook, National Semiconductor 
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L6. > Gov, Mesyats, Y.1. Bychkov, V.V.8 Kremnev, “Pudsed 
Nanosecond Electric Discharges in Gases", Sov. 
Phys Uspekhi elo; NO. os, e2e2—2 57 (November- 
December 1972). 


119. (Russian work involving C,) Private Communication. 


SRS 
nearer 


rl $4 irs 
eee ee sear 
eoneiieet 


4" 


iment 

Sener 
hy : 
Eeoe: 


Se FE ones 


pees 


Speke en ee 


rr ames oobi 3 
te otal St ASS 


